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PREFACE 


In the present (third) edition of this book new chapters have been 
added dealing with single-phase transformers, three-phase trans- 
formers, single-phase and polyphase alternators, three-phase in- 
duction motors, transmission circuits, symmetrical components. 

The original text has been revised and the collection of examples 
(with answers) has been extended. These examples, which are 
additional to the worked examples in the text, now comprise 250 
numerical exercises, and have been carefully selected and graded. 
They have been taken mainly from the examination papers of 
the University of London [H.Sc. (Eng.)], Institution of Electrical 
Engineers, and City and Guilds of London Institute, but exercises 
suitable fo»‘ National Certificate courses have been included. 

The thanks of the author are due to his colleagues and numerous 
friends at home and abroad who have made suggestions, criticisms, 
and given help during the prt'paration of the i)re8ent edition. 
Special thanks ar(^ du(i to Messrs. H. C. Mann, B.Sc. (Eng.), J. G. 
Fleming, M.Sc. (Eng.), H. Buckingham, M.Sc. (Eng.), H. A. Hayden, 
D.Sc., C. G. Paradine, M.A., Harry Silk (U.S.A.). 

The thanks of the author are also due to the Senate of the Uni- 
versity of London, the Council of the Institution of Electrical 
Engineers, and the Examinations Board of the City and Guilds of 
London Institute for the usci of examples from examination papers. 


A. T. DOVER 



PREFACE 

TO THE FIRST EDITION 

The original intention of the author, when undertaking this work, 
was to write a single volume general textbook dealing with the 
theory and practice of alternating current electrical engineering. 
As the work progressed, however, it was realized that the scope of 
the subject was too great for adequate treatment in a single 
volume. Accordingly, the present volume is dt^voted to general 
principles, circuits, polyphase systems, non-sinusoidal wave-forms, 
the magnetization of iron, instruments, measurements, and an ele- 
mentary treatment of the initial conditions in the simpler electric 
circuits. 

The author is of opinion that a thorough grounding in the prin- 
ciples of alttH’nating currents is essential Ix'forc proceeding to the 
study of alternating current machines and apparatus. This portion 
of the subj(‘ct has, therefore, been treated on a broader basis than 
is the case in some textbooks. 

Among the special features of the ^ present volume are an 
extended application of the circle (locus) diagram to stuies, parallel 
series-paralk^l circuits ; the reduction of the general circuit to its 
equivalent series-parallel form and the development of a locus 
diagram therefor ; the calculation of currents in unbalanccKi poly- 
phase circuits and the determination of the neutral point potential 
in the case of unbalanced star-connected three-phase circuits ; the 
theory of the principal tyix‘s of measuring instruments employed in 
alternating current engineering; and a large number of worked 
exampl(‘s in the text. 

Th(^ deduction of the circle, or current locus, diagram for a general 
circuit involves the application of geometrical inversion, w^hich 
principl(‘ has not hitht^i'to received mu(;li consideration in textbooks 
for the English'Spt^aking 'Students, although it has received con- 
siderable development in Arnold and La Cour’s Wechsektromiechniky 
a portion of which has been translated into English by Professor 
Stanley Parker Smith. ^ The author has given considerable 
attention to the application of this (inversion) principle to circle 
diagrams for the simple, or fundamental, circuit, as well as its 
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application to the general circuit. As an extension of the methods 
here developed the student is referred to the Advanced Course of 
Lectures in Engineering given, in 1923, by Professor Miles Walker 
under the auspices of the University of London. Some interesting 
applications of the principle of inversion to the predetermination of 
th(^ performance of sixicial types of induction motors were iricludt‘d 
in the lectures. ^ 

In connection with th(‘ work(‘d examples in the tc'xt, analytical, 
graphical and complex algebraic methods of solution have been 
employed. In some cases alternative methods of solution are 
givcai in order to show the student the st(‘ps involved in the applica- 
tion of the alt(*rnative methods. 

The thanks of th(^ author are due to his colleagues and numerous 
friends who hav^e made suggestions, criticisms, and given help 
during the prt‘paration of the work. Spt'cial thanks tire due to 
Messrs, n. C. Mann, l^.Sc. (Eng.), A.M.I.E.E., F. W. Harvey, 
L.A., B.Sc., and B. Hague, M.Sc. (Eng.), D.T.C., A.M.l.E.E. 

The author is also indebtt^d to a number of firms w^ho have 
generously supplied him wdth di*awdng8, photogra})hs and data 
relating to nu'asuring instruments. Among those to wdiom the 
spt'cial thanks of the author are due are the followdiig : Mc'ssrs. 
Nald(‘r Bros. & Thompson, H. Tinsley & Co., The Cambridge 
Instruiru'Jit Co., The Weston Ek^ctrical Instrument Co., The 
West(‘rn Electric Co., d'he British Thomson-Houston Co., The 
Metropolitan -Vickers Electrical Co., Messrs. Crompton & Co., 
Messrs. Kelvin, Bottomley & Baird, and Messrs. Ferranti. 

The thanks of the author are also due to the Senate of the Univer- 
sity of London for permission to use questions from the Final 
l^nginecring (B.Sc.) examination papers, and to the City and 
Guilds of London Institute for permission to use questions from the 
Electrical Engineering examination papers. 


A. T. DOVER 
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Ampere . 

Centimetre 

Electro-motive force . 

Centigrade 

Cubic centimetre 

Cycles per second 

Foot, feet 

Inch 

Henry 

Farad 

Kilo-cyclcs per second 
Kilo-volt-amiieros 
Kilowatt 
Kilogramme 
Gramme . 

Gramme- centimetre . 
Magneto-motive force 
Micro-farad 
Micro-henry 
Micro-micro-farad 
Microhm . 

Milli-ampere 
Milli -henry 
Millimetre 
M iili-volt-amperes 
Milli-volts 
Pound 

Potential difference . 
Ohm 

Reactive volt-amperes 
Revolutions per second 
Revolutions per minute 
Root-mean-square 
Second 

Square centimetre 
Square millimetre 
Square inch 
Volts 

Volt-amperes . 

Watts . 

Yard 


amp., A. 
cm. 

E. M.F. 

C. 

cm.3 

c.p.s. 

ft. 

in. 

n. 

F. 

kc.p.s. 

kVA. 

kW. 

kR. 

gm. 

gm-cm. 

M.M.F. 

/ill. 

/i/iP. 

fill. 

mA. 

mH. 

mm. 

mV A. 

mV. 

lb. 

IM). 

i'2. 

VAr 

revs, per sec. 

r.p.m. 

R.M.S. 

sec. 

cm. 2 

mm.^ 

in,® or sq. in. 

V. 

VA. 

W. 

yd. 
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A = Coefficient of sine term in Fourier series. Constant. 
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= Coefficient of cosine term in Fourier series. Constant. 
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G = Complex constant. 

B ~ Value of determinant. 

= Distance between centres. 
d == Diameter. 

E = E.M.F. (root-mean-aquare value). 

= E.M.F. (maximum value of quantity varying with respect to 
time). 

e = E.M.F. (instantaneous value). 
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= Ampere turns. 

= Frequency. 
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i = Current (instantaneous value). 

= Symbolic operators for vectors. 

K = Ratio of transformation. 

= Winding distribution factor. 

Winding distribution factor for ?ith harmonic. 

Kyk= Constants. 

Kf = Form factor. 

L = Inductance. 

L,Z= Length. 
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N = Number of turns. 
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n = Number of phases in polyphase systems. 

P ■= Power. 

p = Power (instantaneous value). 

~ Permeance. 

Q = Electrostatic charge. 
q = Number of slots per pole per phase. 

R = Resistance. 
r = Radius. 

S = Reluctance. 

8 ~ Slip. 

T = Period. 

5 ? = Torque. 

t = Time (instantaneous value). 

V Voltage, potential diiferonce. 

V = Voltage, potential dilference (instantaneous value). 

=: Linear velocity. 

W = Energy, 

X Reactance. 

X Abscissa of point with respcict to co-ordinate axes. 

V — Admittance. 

y -- Ordinate of point with respcict to co-ordinate axes. 

Z = Impedance. 
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a == Coefficient of linear expansion. 

= Current density, 
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rj ~ Hysteretic coefficient. 

Efficiency. 
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XVI 


CHIEF SYMBOLS 


K = Dielectric constant 

jj, = Permeability. 

f = Eddy-current loss coefficient. 

= Young^s modulus of elasticity. 

A = 120° turning operator for vectors. 

TT = Ratio of circumference to diameter of circle (= 3*14 . . .). 
p = Specific resistance, 
cr = Density. 

T = Time constant (= L/R). 

CO = Angular velocity. 

ALGEBRAIC SYMBOLS 

= Not equal to. 

^ == A 7 )proxirnately equal to. 

> r= Greater than 
< = Less than, 

L = Angh3. 

! ,= Factorial (e.g. 5 ! = 5 X 4 x3 X 2 X 1). 

00 = Infinity. 

Notes. Maximum values of quantities varying witii respect to time are 
(lonotc^l by the subscript m attached to the symbol of the quantity. 

Vector diagrams. All vector diagrams have been drawn for counter- 


clockwise rotation. 

K.M.F. vectors are rcpresenited by an ordinary arrow-head. ^ 

Flux vectors are represented by a double arrow-head. ^ 

Anipero-turn vectors are represented by a solid arrow-head ► 

Current vectors are rejjrcsented by a closed arrow-head. 


Vector quantities are denoted by dottetl italic upper-case symbols, thus 
A', /, Y , Z ; their rectangular components ai’o denoted by heavy-faced italic 
lower-case symbols and numerals, vertical components being compounded 
with tlio symbolic operator j, thus E == 110 -\- j 191 . 

Phase rotation. In the analytical treatment, and vector diagrams, of 
polyphase systems the clockwise direction of phase rotation, or phase sequence, 
is adopted, except where statements are made to tlie contrary. 

Phase and line quantities in polyphase systems. Symbols denoting phase ** 
E.M.Fs. and curi-ents usually have Roman numeral subscripts, thus Pj, ; 
those denoting “ lino ” E.M.Fs., and currents have Arabic numeral subscripts, 
thus Vi.,. Wg-a, i,. 



THEORY AND PRACTICE OF 
ALTERNATING CURRENTS 

CHAPTER I 

GENERAL CONSIDERATIONS AND DEFINITIONS 

Definitions. An alternating current, or E.M.E., is one which changes 
periodically in magnitude and direction. 

The graphical rcpresemUition of an alternating current is shown in 
Fig. 1 , in which abscissae denote time and ordinates current. During 
the time interval A B the current incre^ases from zero to its positive 
maximum value ; it decTcasos to zero during the interval BC, 
attains its maximum negative value at the instant 7), and returns 
to zero at E. The negative half-wave is usually an t‘xact n^produc- 
tion of the positive half-wave wdth the sign reverst^d, and the 
succeeding waves arc identical with the initial wave. 

The complete s(‘t of changes through which the current, or 
passes is called a cyclCy and the time interval during which 
these changes occur is called a period. For example, the full-line 
curve in Fig. 1 represents a cycle, and the time interval AE 
represents a period. 

The number of cycles per second is called the frequency. Hence 
if T denote the time, in seconds, of a period, the frequency (f) is 
equal to 1/T. 

The graphical representation of Fig. 1 refers to steady conditions 
jn an alternating-current circuit. In special cases Pdg. 1 is also 
representative of the initial conditions occurring when a circuit is 
connected to a source of alternating E.M.F*., but more gdierally the 
initial conditions give rise to transient phenom(m and the waves 
are unsymmetrical.* 

Application ot Alternating Currents in Practice. When electric 
power is required in large quantities it is always produced in the 
alternating-current form, as the alternating-current generator can 
be built in much larger sizes than the direct-current generator 
and gives satisfactory operation at the high speeds at which large 
steam turbines have a high efficiency. Moreover, when electrical 

* A fow special cases of transient phenomena are considered in Chap. XXIII. 
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ALTERNATING CURRENTS 


energy is generated in the alternating-current form the transmission, 
distribution, and utilization pressures are not limited to that of the 
generator, as by means of stationary transformers the energy may 
be transformed, at high efficiency, to pressures either higher or 
lower than that of the generator. Thus the pressures adopted for 
transmission and distribution may be chosen entirely from economic 
considerations without reference to the generator pressure, which 
is governed by a number of technica] considerations connected 
with design. 

Production of Alternating E.M.Fs. Alternating E.M.Fs. may be 
produced either dynamically, by the relative motion of an electric 
circuit and a Trtfl.OnP'flP Ol'P/'ni'f fw Q'f D 'f inD lltr Vitt 



flux in a stationary magnetic circuit which is interlinked with a 
stationary electric circuit. In both cases the magnitude of the 
E.M.F. at any instant is proportional to the rate of change of the 
linkage of flux with the electric circuit, i.e. e oc N.d<S>ldt, where c is 
the instantaneous value of the E.M.F. , N the number of turns in 
the electric circuit, and d^jdt the rate of change of the flux. An 
E.M.F. of 1 volt is produced when the rate of change of linkages per 
second is equal to lO**. Thus 

6 = 10-^ Nd^ldt 

In alternating-current engineering we arc concerned with E.M.Fs. 
produced both dynamically and statically. For instance, in the 
majority of circuits carrying alternating currents and in electro- 
magnetic apparatus and transformers, E.M.Fs. are produced 
statically ; but in all alternating-current machines operating on 
load both dynamically- and statically-produced E.M.Fs. occur 
simultaneously. In these cases the dynamically -produced E.M.F. 
is usually called the E,M,F, of rotation or the generated E.M.F., 
and the statically-produced E.M.F. is called the E.M.F of puhation 
or the induced E.M.F, 



GENERAL CONSIDERATIONS AND DEFINITIONS 3 


Producion of E.M.F. in a Simple Alternating-current Generator. 

Let a single conductor be rotated at constant angular velocity in 
a uniform magnetic field, the axis of revolution being perpendicular 
to the magnetic lines as indicated in Fig. 2. Also let 

B = flux density (in lines per cm^.) of the magnetic field, 

I = length (in cm. ) of the conductor in the field, 

CD == angular velocity (in radians per second) of the conductor, 
r radius (in cm.) of the path in which the conductor moves, 

V — ro) = linear velocity (in cm. ])er second) of the conductor. 




Plan 

Fir.. 2. I’KitTAINJNC TO THE PKODUCTION OF K.M.K. IN A {SlMPLF. 
AiTEKNATOK 

Further, let time, in seconds, be measured from a plams of reference 
(YOY\ Fig. 2) which contains the axis of revolution and is 
perpendicular to the magnetic lines. 

Then at any instant t, when the conductor occupies the position 6’, 
Fig. 2, the component of the linear velocity perpendicular to the 
flux is " 

rcD sin /_ YOC = rcu sin cdI, 

If the conductor were to continue its motion in this direction the 
flux cut in one second would be 

BlrcD sin (ot. 
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Hence at this particular instant, t, tlie E.M.F. generated in the 
conductor is 

e = BlrcjsinoDt X 10’® volts 


= J 4> ft) sin 0 )^ X 10*® volts 


( 1 ) 


where <!> (= 2Blr) is the flux cut by the conductor during one half 
of a revolution. 

Thus the E.M.F. varies as a sine function of the time-angle cot, 
and if E.M.F. and time be plotted in rectangular co-ordinates we 

obtain the curve shown in Fig 
3, whit^h is called a sine curve. 
An E.M.F. which varies in this 
manner is called a sinusoidal 
E.M.F. (sometimes the term 
simple harmonic E.M.F. is 
used) and the generator in 
which it is produced is called 
a sine-wave generator. 

The maximum, or peak, 
value of the E.M.F. occurs 
when the direction of motion 
of the conductor is perpendicular to the flux— i.e., when ft)< = Jtt, 
Stt, Itt, etc.— and its value {E^) is 

X 10®. 

Hence, equation (1) may be written 



Fjq. 3. Kepresentation op 
S lNCTSOTDAL E.M.F. 


c = sin (jot 


( 2 ) 


If instead of a single conductor we have a coil consisting of a 
single turn, and the plane of the coil passes through the axis of 
rotation, the E.M.F generated in the coil at any instant will equal 
twice that generated in one conductor, or coil -side, so that m 
this case* 

e = <1) ft) sin ft)< X 10 ® . . . (la) 


* This equation may be obtained directly as follows — 

Lot O = Ilux passing through the coil when the latter is perpendicular to 
the magnetic lines (i.e. when the plane containing the coil coincides with the 
plane of reference). Then the flux {(p) passing tlirough the coil at the 
instant t is 

(^ = <|> cos cat, 

and the instantaneous E.M.F. generated in the coil is 

e = ^ 10-» X dxpjdt = - 10-* x -- (^>co8a>f) 

= £0 sin (Of X 10-* 
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The sine wave of E.M.F. is therefore produced naturally in the 
simplest type of alternator. The type of construction represented 
in Fig, 2 would, however, not be commercially practicable on 
account of the poor utilization of the magnetic and electric materials. 
Commercial alternators are constructed with iron magnetic circuits 
and slotted armatures for the purpose of reducing the magnetic 
reluctance and the ampere-turns required for excitation. The 
slotted construction results in deviations from the sine wave, even 
when the flux is distributed sinusoidally in the air gap, and accord- 
ingly features have to be introduced into the construction to correct 
or neutralize the defects due to the slotted construction. 

Forms of E.M.F. Equation. In each of the above cases the E.M.F. 
passes through a complete set of changes during each revolution of 
the conductor, or (;oil. Hence, the frequency (/) is equal to the 
number of revolutions per second (n), and the period (T) is equal 
to 1/n. 

Now the angular velocity (co) == 27 Tn = 277 /, so that / = w/27r. 
Equation (2) may therefore be expressed in the following forms — 

e = E^Hma)t . . . . ( 2 ) 

= E„^ sin 27Tft . . . . (2a) 

= sin (277/T)/ .... (26) 

In these equations we observe that — 

(1) the maximum value (also called the peak value or amplitude) of 
the E.M.F. is given by the coefficient of the sine of the time-angle ; 

(2) the frequency is given by : (coefficient of time -r 277 ). 

For example, if the (^quation to an alternating E.M.F. is 

e = 100 sin 314 t 

the maximum value of the E.M.F. is 100, and the frequency is 
(314/277) = 50. 

r‘^'‘1Siimilarly if the equation takes the form 

e = I ^\/{R^ + ^oy^L^) sin 3fn/, 

the maximum E.M.F. is given by = /^\/(/^* -f Om^L®) and the 
frequency by 3co/277. 

Phase. Consider now the effect of adding additional turns to 
the above coil. These turns may be arranged either radially in the 
same plane, as in Fig. 4, or side by side on the surface of a cylin- 
drical core, as in Fig. 6. In the former case the time-angle (cot) is 
the same for each turn, but the instantaneous E.M.Fs. generated in 
the several turns differ in magnitude, since these turns do not cut 
the flux at the same speed. If the turns are connected in series 
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the total E.M.F. of the coil at any instant is equal to the sum of 
the instantaneous E.M.Fs. in the several turns and is given by 

e = ej + fig + 63 4" • • • • 

= (Ojfu sin Oil + sin (at + Ogco sin + . . . ) X 10*® 

~ (^im + + ^3tn +.•••) 

where Oj, Og, O3, . . . denote the maximum fluxes enclosed by the 
several turns, and E-^^, E^^ E^^, . . . denote the corresponding 
maximum E.M.Fs. A graphical representation of the E.M.Fs. for 
the case of a three-tum coil is shown in Fig. 5, from which it will 



Peiitaining to the Pju)i>uction oe E.M.F. in a Simple Altkrnatou 
WITH Co-planar Coils 

be observed that the instantaneous value of the resultant E.M.F. , as 
well as that of each of the individual E.M.Fs., is proportional to 
sin (at. Thus all the l^LM.Fs. become zero at the same instant and 
reach their maxima togethc^r, i.e. the E.M.Fs. are in 'phase with one 
another. Therefore, alternating quantities of the same frequency 
have the same phase, or are in phase, when their zero values— 01 
their maximum or other corresponding values — occur at the same 
instant. 

With the conditions shown in Fig. 6 each turn cuts the same 
maximum flux (O) during a revolution, but the time-angle is 
different for each turn. If the turns are connected in series the 
total E.M.F. generated in the coil is given by 

e = Cl -f C2 + 63 + 

= |Ocosm(uH“^c;sin(co^-a)+<l>(Usin[coi-(a-}-j5)]+. . |x 10 ® 
= Oco X 10’®|sin (at + 8in(a>^-a)+ sin[a)^ - (a + i8)]+ . . . . | 

= E^ {sin (at + sin(tt>i - a) -f sin(co< - (a -f jS) )+ \ . (4) 



GENERAL CONSIDERATIONS AND DEFINITIONS 7 


where cot is the time-angle referred to the first turn, and a, /S, .... 
are the angles by which the planes containing the several turns arc 
displaced from one another (st^e Fig. 6), 

A graphical representation of these conditions is given in Fig. 7, 
which refers to the case of a coil having three turns. In this case 
the maxima of the sevtiral E.M.Fs. occur at different instants, i.e. 
the E.M.Fs. are out of phase with one another. 

In simple harmonic motion the term “ phase ” is used to denote 
the point or stage in the period, considered in relation to a standard 
position or to the instant of starting, to which the oscillation has 



Fia. 6 Fig. 7 

PKilTAINING TO TITE PRODUCTION OF E.M.F. IN A SlMI^LE AlTEBNATOU 
WITH Disthtbutei) Coies 


advanced. For (example, in Fig. 2 the phase of the conductor at 
time t is given by the angle cot. Hence this angle is sometimes 
called the “ phase angle.” In (‘lijctrical engineering, however, we 
are concerned more with the relative phases of alttjrnating quantities, 
with respect to a quantity of reference, rather than their absolute 
pisses, and hence the term phase difference ” is more appropriate. 
Moreover the term ‘‘ phase ” has other meanings than that given 
above. 

Phase Difference. The phase difference botweim two alternating 
quantities is measured by the time-angle betwe<ui their zero values. 
When the quantities have the same frequency* this angle is constant 
for corresponding values (e.g. zero, maximum, etc.) of the quantities. 
For the case represented in Fig. 7 the phase difference between the 
E.M.Fs. in turns I and II is a, and is equal to the angle by w'hich 
these turns are displaced from each other. Similarly, the phase 

* The meaning of “ phase difference ’* when applied to quantities of 
different frequencies is considered in Chap. XIV. 
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difference between the E.M.Fs. in turns II and III is while that 
between the E.M.Fs. in turns I and III is (a + /?). These expres- 
sions, however, need qualification, as they give no indication of 
which of the E.M.Fs. first reaches its maximum value. To supply 
this deficiency the terms “ lead ” and “ lag ” are employed. 

Lead denotes that the maximum value of an alternating quantity 
occurs earlier than the corresponding maximum va lue of a second 
quantity. 

Lag denotes that the maximum value occurs later than the 
corresponding maximum value of a second quantity. 

Phase difference accordingly is usually expressed as either the 
“ angle of lead ” or the “ angle of lag.” For example, in Fig. 7 
the E.M.F, wave I is leading with respect to II, the “ angle of lead ” 
being a ; conversely, III is lagging with respect to II, the “ angle of 
lag ” being 

If in Fig. 6 the time-angle is referred to turn II instead of to turn I, 
as above, and this angle is now denot(jd by o)t\ then on substituting 
(o)/' + a) for coi in equation ( 4 ) we obtain 

e ^ E^ |sin (o)t‘ + a) -f sin a)t'+ sin (a)i' - 1^) + • • • ( ( 5 ) 

The E.M.F. in turn I is now given by 

e\ = E^ sin (cDt' 4- a ) , 
that in turn II is given by 

e'g = Ejn sin coV ; 

while that in turn III is given by 

e'3 = sin (cot' -P). 

Now the E.M.F. in turn I is leading, and that in turn III is 
lagging, with respect to the E.M.F. in turn II. Hence a plus ( + ) 
sign employed in connection with phase difference denotes “ lead ” and 
a minus (-) sign denotes “ lag,'* > 

Thus in general we can determine from the equation of an 
alternating quantity : (1) its maximum value, (2) its frequency, 
(3) its phase diffcirence with respect to another quantity of the 
same frequency. 

Examples. Detormino the maximum value and frequency of the following 
alternating E.M.Fs. and currents Determino also the phase differences 
between the respective E M.Fs. and currents — 

le = 3250 sin 157^ ~ 

ji == 35 sin (157i - 15®) }i = 5a)GE'^ sin (5a>« ^tt) 

U = o>Lr^ sin (oX-f iT^) sin M + a) 

U = since/ ' ^ U - 
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Denoting, in each case, the maximum value of the E.M.F. by the 
maximum value of the current by the frequency by /, and the phase 
di^eronce by (f, we have 


(rt) - 3250 ; 

- 35 ; 

f - 157/2:r - 25 ; 

9? = - 15” 


- UoCE'„ 

/ “ 5ftj/27t ; 

9 ) « -+■ i7t - T 00 * 

(c) E^ - wLF^ ; 

’ ^ m • 

■= a)/27r ; 

^ - 9()0 


X*) 

co/27r ; 

(p ■== -(a + tan“^X/J?) 


Observe that both frequency and phase difference are determined from the 
time-angle, the former being given by {\}2n X coefficient of time), and the 
latter by the constant term, if any, of the time-angle. Also observe that in 
expressing phase difference, tVie E.M.F. is taken as the quantity of reference. 
Thus in (r) the E.M.F. leads the current by 90“, therefore the current lags 
behind the E.M.F. by this amoimt : in (d) the E.M.F. is zero when a)t = - a, 
and the current is zero when wt = -f- tarr^ XI R, so that the phase difference 
between E.M.F. and current is (a + tan“^X/i?), lagging. 


Properties of Sine Curves. The study of alternating-current 
phenomena requires a knowledge of the properties of sine curves. 
A fundamental property of such curves is that any ordinate is 
proportional to the sine of the corresponding abscissa. Other 
properties are (1) that the mean ordinate of a half-wave is equal to 
2/7r times the maximum ordinate ; (2) that the square root of the 
mean of the squared ordinates of a half-wave or a complete wave is 
equal to ll\/2 times the maximum ordinate. We shall now show 
how these quantitative relations are obtained. 

Mean Ordinate, or Arithmetic Mean Value, of a Sine Curve. Let the curve 
bo rei)resentod by the equation 

e — sin n)t = sin {2itt f T) 

whore E^ denotes the maximum ordinate and T the period. Then the 
moan ordinate is given by 

Area included between the curve and abscissa axis for one half-perio d 
~ Half -period 

[- cos TC -h cos 0 ] 

^ (2/7r)^^ 0-037 

An approximation to the value of the mean ordinate can be 
obtained arithmetically by determining the mean value of the sines 
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of angles between 0° and 180®. Thus taking angles at intervals of 
15° we have 


Angle 

15“ 

30* 

45“ 

60“ 

75“ 

90“ 

105“ 

120“ 

135“ 1 

150“ 

165“ 

180“ 

Sine 

1 0-259 

0-5 

0-707 

0-866 

I 0-966 

To' 

0-966 

0-866 

1 0-707 

0-5 

0-259 

0 


Total - 7 .'if) ; Mean - 7 56/12 - 0 633 


The arithmetic mean value of an alternating current is of little 
importance in practice, as the heating effect due to a current is 
proportional, not to the square of the mean value of the current, 
but to the mean of the squared instantaneous values of the current 
as explained later. However, a knowledge of the mean value of 
an alternating E.M.F. is frequently required in calculations 
connected with alternating-current machines. 


Root-mean-square (R.M.S.)* Value of a Sine Curve. The root-mean -square 
value is obtained by determining the square root of the mean value of the 
squared ordinates for a cycle or half -cycle. Let the curve be represented by 
the equation 

i sin (ot = Hm{2Ti IT)t 

The square of any ordinate (i) is then 

= J2^8inM2n:/T)^ 

and if i® denote the mean value of the squares of the ordinates during a 
period, wo have 



Whence / = v'iV = = 0-707 


An approximation to the R.M.S. value can be obtained arith- 
metically by determining the mean value of the squares of^^e^v 
sines of angles between 0° and 180° and taking the square root of 
this quantity. Thus taking angles at intervals of 15° we have 


Angle 

16“ 

30“ 

45“ 

60“ 

75“ 

s 1 

105“ 

120“ 

135“ 

150“ 1 

165“ 

180“ 

sine 

0-259 

0-5 

0-707 

0-866 

0-966 

1-0 

0-966 

0-866 

0-707 

0-5 

0-259 

0 

(Sine)* 

0-067 

0-25 

0-5 

0-75 

1 

0-933 

1-0 j 

0-933 

1 

0-75 

0-6 

0-25 

0-067 

0 


Sum of (sine)* - 0 0, Mean of (sine)* - 6-0/J2 -- 0-5, V'{Mean of (slue)*} •=» 0-707 


• In this book the square root of the mean value of the squared ordinates 
of a periodic curve is called the “ root-mean -square ” (R.M.S.) value. The 
terms “ effective ” and “ virtual ’* are also used in practice, the former 
being widely used in America. 
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Graphical Representation of R.M.S. Value of a Sine Curve. In 

Big. 8 (a) is shown a sine curve and at (6) in the same Fig. is shown 
a curve the ordinates of which are proportional to the squares of 
the corresponding ordinates of the sine curve (a). The horizontal 
line is drawn such that its height is equal to the mean ordinate 
of curve (6), i.e. the area of rectangle OABX — area between curve 
and the abscissa axis. Hence OA is the mean value of the squared 
ordinates of the sine curve (a) and y/OA is the R.M.S. value of (a). 

It can be shown that curA^e (6) is a sine curve having AB axis 
and a frequency twice that of (a). Thus if any ordinate of (a) is 
given by y -- Y sin 0, then the corresponding ordinate of (6) is 
3 ^ 5^2 gij ^2 Q Now sin^ Q may be expressed as (J - i cos 20), 



Fio. 8 . CiiAPiTiCAi. Uetkhmination or R.M.S. Vali;e of a Sine 

CCTRVE 

which, since cos 0 - sin (0 - ^tt), reduces to [ J sin (20 - Jtt)]. 

Hence z i T® + \ Y'^ sin (20 ~ Jtt). Now J sin (20 - Jtt) is a 
sine curve having a maximum ordinate \ Y^, a frequenc'y twice that 
of (!urve (a), its zero at 20 = 90^", or 0 ~ 45°, and its axis at a dis- 
tance \Y^ above the abscissa axis. Obviously the mean ordinate 
of this curve, taken over a cycle, is zero. Therefore the mean value 
of curve (b) is JF®, whence the R.M.S. value of (a) is (1/^/2) F 
= (\jy/2) X maximum ordinate of (a). 

£.jamples. Give the R.M.S. value and frequency of the following — 

(а) 4- X^) sin M + J 

( б ) {A B) mn {^lot ~ a) ; 

(c) A sin cot + B cos o)t ; 

(d) 141-4 sin 377f. 

The maximum value of the quantities (rt), (6), (d) may be written down 
directly, but that of quantity (c) must bo deduced as follows-T— 

Multiply and divide each term by thus 

cos 

Now \i BfA = tan tp, Afs/{A^ + R*) = cos q?, and Bjy/{A* + R*) = sin tp. 
Hence expression (c) may be written 

s/{A^ B*) {sin cot cos q> -f- cos wt sin (p} = y/(A* + B*) 8in(a>f -f q>) 
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Therefore the H.M.S. values and frequencies are 


1 

Quantity. 

K.M.S. Value. 

Frequency. 

V(K* + X*)8in(a)« + *70 

4- 0-707V(«*+A:*) 

CO/27T 

{A + 5) sin (Scot -a) 

U + 0-707 {A + B) 

3co/27r 

A sin cot + 1/ cos cot 

ViU* + J5»)» 0-707 +B*) 

co/27r 

141-4 Bln 377t 

141-4/ - 100 

377/2TC - 60 


Practical Importance o! R.M.S. Value of Alternating Quantities. 

The heat produced in a conductor carrying a current is proportional 
to the square of the current. Hence, if i denotes the instantaneous 
value of the current in amperes, R, the resistance of the conductor 
in ohms, the energy (dW) expended in heat during the time dt is 

dW = i^R . dt joules 


and the mean rate at which energy is expended (i.e. the mean heating 
effect) during the time T is 

J 117 1 


r dw 1 r 

^ o ^ a 


If the current follows a sine law 


i = sin (27TlT)t 

the mean heating effect during a period (T) is 


= 


where /(= I^ly/2) is the R.M.S. value of the cuiTcnt. 

Thus the mean heating effect due to a sinusoidal alternating 
current of maximum value is the same as that due to a continuous 
current equal to 0*707 

The R.M.S. value of an alternating current is therefore of con- 
siderable importance in practice. Moreover, as will be shown later 
in Chapter XVI, the indications of ammeters and voltmeters give 
R.M.S, values of current and E.M.F. respectively. In commercial 
electrical engineering when values of current and E.M.F. are 
specified, these values always refer to the R.M.S. values. 

Fonn-factor of a Sine Curve. The form-factor of a periodic curve 
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is the ratio (R.M.S. value/arithmetic mean value). Hence for a 
sine curve the form-factor {Kf) is 

__ 1 2 TT 

A knowledge of the form-factor of a curve therefore enables the 
R.M.S. value to be obtained from the arithmetic mean value, or 
vice versd. 

Example. A conductor rotates at a uniform speed of n r.p.s. in a two-pole 
magnetic field. The 0ux per pole is O lines and the flux distribution is 
sinusoidal. Obtain an expression for the R.M.S. value of the E.M.F. generated 
in the conducitor. 

Now the mean E.M.F. generated in the conductor is equal to (flux cut 
per second x 10"®), and since the conductor cuts the flux (O) twice in one 
revolution, the mean E.M.F. is 

^av “ 2 O n X 10"® volts. 

But since the velocity is constant the E.M.F. is, at any instant, proportional 
to the flux density of the field in which the conductor is moving. Therefore 
the E.M.F. follows a sine law and its R.M.S. value (E) is 

E = Ml = 2-22 <I)n X 10'* volts 
— 2*22 O/ X 10"® volts, 

since the frequency, /, is equal to n. 

Amplitude- or Peak-factor of a Sine Curve. The amplitude-factor 
of a periodic curve is the ratio (maximum value/R.M.S. value). 
Hence for a sine curve the amplitude-factor (K^) is 

= 1 ^ (1;V2) = -■= 1*414 

The amplitude -factor is used only in connection with E.M.F. 
waves and is of importance in insulation testing and high-voltage 
apparatus, as the maximum stress to which the insulation is sub- 
jected is proportional to the maximum or peak value of the E.M.F. 
A knowledge of the peak value of the E.M.F. is also necessary when 
measuring iron losses, as the iron loss depends upon the maximum 
value of the flux. 

If E is the R.M.S. value of the applied E.M.F. as given by the 
reading of a voltmeter and is the amplitude-factor, the maximum 
E.M.F. is 


- KJJ 



CHAPTER II 

FORMS OF REPRESENTATION 

The study of alternating-current phenomena is considerably 
simplified by assuming the quantities to vary sinusoidally with 
respect to time ; in fact, the elementary principles of alternating- 
current circuits can only be developed in an intelligible manner by 
making this assumption, wliich, in many cases, is justifiable. 
Moreover, the sine curve is, in practice, considered as the standard 
wave-form, and deviations therefrom are classed as distorted 
waves. 

In view of the importance of the sine wave in alternating-current 
engineering we shall devote the present chapter to a consideration 
of the various methods of representating sinusoidal quantities. 
These methods may be classified as follows — 

I. Graphical methods. (1) Rectangular co-ordinates. 

(2) Polar co-ordinates. 

(3) Vector diagrams. 

II. Analytical methods. (4) Trigonometric functions. 

(5) Complex algebra. 

Representation by Rectangular Co-ordinates 

In this method time is measured horizontally, as abscissae, and 
instantaneous valiums of the alternating quantity are measured 
verticall}^ as ordinates. Examples are given in Chapter I, Figs. 1, 
3, 5, 7, 8. 

The method can be also employed for representing non-sinusoidal 
quantities. 


Representation by Polar Co-ordinates 

In this m(^thod the alteoiating quantity is represented by a 
rotating line — called a radiufe-vt^etor — of variable length. Time is 
measured by the an^le between this line and a reference axis. The 
length of the line at any position represents the instantaneous value 
of the quantity at the time corresponding to this position. The 
fixed point about which the line rotates is called the pole. The 
positive direction of rotation is counter-clockwise, and one revolution 
corresponds to one cycle of the alternating quantity 
When this method of representation is applied to sinusoidal 

u 
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quantities the locus of the free end of the radius- vector forms two 
circles (one corresponding to each half -cycle) which touch each 
other, the line joining thc'> centres and point of contact passing 
through the pole. The diameter of each circle is equal to the 
maximum value of the alternating quantity. If time is measured 
from the horizontal, or (X), axis and the zero value of the quantity 
occurs at zero time, the contrc^s of the circles lie in the vertical, 
or ( Y), axis as shown in Fig. 9 (a), which is a polar representation of 
the sine curve of Fig. 3, reproduced in Fig. 9 (/>). 



Fig. 9. Polar Reprksbntation of a Sine Curve 

Proof, Let the equation to the alternating quantity be 
e= sin wi, 

Then the lengt/h of the rotating racliiis-vector at any instant {t) is equal to c, 
and the angle between it and the axis of reference is equal to u)t. Let a?, ?/, 
be the co-ordinates of the free end of the vector referred to rectangular axes 
X OXy YOY, passing through the j^ole O (see Fig. 9). Then 
X ~ e cos (oty y ~ sin wt, 

j-2 -h cos® wt sin® cot -= c* == V' 

Hence y -= 0. 

This is the equation to a circle, referred to re(;tangular coordinates, of 
radius \E^y having its centre in the vertical (y) axis at a distance \E^ from 
the origin (i.e. the circle is tangential to the horizontal (X ) axis). Therefore 
the locus of the free end of the rotating vector is a circle. 

If the zero value of the quantity does not occur at zero time the 
line of centres is displaced from the vertical by an angle corre- 
sponding to the time at which the zero value of the quantity occurs. 
Lead is represented by a displacement in the clockwise direction 
(see Fig. 10 (a)) ; lag is represented by a displacement in the 
counter-clockwise direction (sec Fig. 10 (6) ). 

Applications of Polar Co-ordinates to the Representation of Non- 
sinusoidal Quantities. Non-sinusoidal quantities may also be 
represented by polar co-ordinates, but in this case the locus of the 
rotating radius-vector will form two irregular figures, which will be 
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symmetrical if the two half-waves of the alternating quantity are 
symmetrical. Fig. 11 shows the non-sinusoidal curve of Fig. 1 
plotted in polar co-ordinates. 

In the case of symmetrical waves the equivalent sine wave— 
i.e. the sine wave which has the same R.M.S. value and frequency 



Fig. ]0. Uepuesemtatton of Lead (a) and Lag (6) ny Polar 
Co-ordinates 

as the non-sinusoidal wave — is obtained by drawing a circle having 
an area equal to that of one; of the irregular figures. The diametcir 



Fig. 11. Representation of Non-sinusoidal Curve by Polar 
Co-ordinates. The Chain-dotted Curve is the Equivalent Sine Curve 


of this circle gives the maxin\um value of the equivalent sine wave 
and hence the R.M.S. value of the distorted wave is given by 

(1/^2) X diameter of circle, or 
'\/2 X radius of circle. 

ProoJ. Let the value of the periodic quantity at time t be denoted by « 
and its phase by oit (see Fig. 9). Then the increase in polar area for an 
increment of time di (i.e. an increment do>i in phase) is 
\e.e da)t = ie* d(ot. 
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Hence the arou of the polar diagram corresponding to half a period of the 
distorted wave is 

I - ^ dt 

Let r denote the radius of circle which has an area equal to that of the 
polar diagram. Then 

TT 

=.1L e^dt 

il 1 \ 

and rv'2 = /y' ( / e* dt j ~ R.M.S. value of distorted wave. 


Representation by Vector Diagrams 

A vector diagram is a grajihical representation of one or more 
vector quantities, a vet^tor quantity being a jdiysieal quantity 
which has diredion as well as magnitude. Exam]>l(\s of vcictor 
quantities are forces, velocity, magnetic flux, E.M.F., curnuit, 
ampere- turn. 

yucli quantities art; only (;omj)letely specifit'd wlien particulars 
of their magnitudes, direction, and sense are giv(‘U. 

Vector quantiti(‘S art; represented gra])hieally by straight lines 
called vectors. Tht; lenqlh of tlu'. lin(‘ rtqiresent-s the magnitude of 
tilt; quantity ; tin; inclination of the lino with rt\spt‘ct to some axis 
of reference denotes the direction of the quantity, and an arrow head, 
usually placed at ont‘ tuid of tht; line, indicatt*s the sevse in which 
the quantity acts. 

Jn electrical t;ngm(;t'ring we may rt;quire to repr(;sent a number of 
vector quantitit;s in the same vector diagram ; it is necessary, 
therefore, to adhere to a system of nomenclature in order that the 
several vectors may be readily distinguished from one another. 
The vector nome;nclaturc in this treatise is as follows* — 

E.M.F. vectors are represented by an ordinary arrow-head 

Flux vectors are represented by a double arrow-head — 

Ampere-turn vectors are reprosontod by a solitl arrow-head 

Current vectors are represented by a closed arrow -head- — 

With alternating quantities varying harmonically, two methods 
of vector representation may be adopted, viz. (1) the polar vector 
diagram, (2) the crank vector diagram. 

Polar Vector Diagram. In this diagram a fixed vector, repre- 
senting the maximum ^ alue of the quantity, occupies a definite 

* This nomenclature is the same as that employed in vector diagrams in 
the author's Electric Traction and Electric Motors and Control Systems. 
(Pitman.) 

3— {T.5a45) 
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position relative to an axis of reference, one end of the vector being 
located at the origin. Instantaneoiis values of the quantity are 
represented by the projections of the vector on a rotating line 
(called the “ time line ’*) which rotates, in a plane containing the 
vector, with uniform angular velocity. The counter-clockwise 
direction of rotation is positive, and time is measured from the hori- 
zontal axis in the first quadrant. Hence if the zero value of the 
quantity occurs at zero time the fixed vector lies in the vertical 
axis, but otherwise this vector will be displaced from the vertical 
axis by an angle equal to the value of the time-angle at which zero 
value occurs ; lead being represented by an angle measured in the 
clockwise direction, and lag by an angle in the counter-clockwise 



Fig. 12. Polah Vjsctob Diagram (6) for the SiNirsoiOAL E.M.F. 

AND Current Kerresented ry ( a ) 

direction. A positive phase-angle must be measured in the clock- 
wise direction because if one quantity is leading relative to another 
quantity, the revolving time line must meet the vector of the 
former before that of the latter. Fig. 12 shows the polar vector 
diagram for a current, 7, lagging 9? with respect to an E.M.F. E. 

Crank Vector Diagram. In this diagram a vector, equal to the 
maximum value of the quantity, rotates with uniform angular 
velocity, co, about a fixed point which is the origin of rectangular 
axes. Time is measured from the horizontal axis in the first quad- 
rant, the counter-clockwise direction of rotation being positive. 
Instantaneous values of the quantity are represented by the pro- 
jections of the vector on the vertical axis. Phase is given by the 
angle, measured in the counter-clockwise direction, which the 
rotating vector makes with the time axis. Hence the phase 
difference between two quantities is represented by the angle 
between their vectors, an angle measured in the counter-clockwise 
(+) direction denoting ?ead, and one measured in the opposite 
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direction denoting lag. Fig. 13 shows a crank vector diagram 
representing the same conditions as the polar diagram of Fig. 12. 

Polar and Crank Vector Diagrams Compared. In both polar and 
crank vector diagrams time is measured by the angle, from the 
horizontal axis, in the counttir-clockwise (4 ) direction, but phase 
difference is measured in the clockwise^ direction in the polar diagram 
and in the counter-clockwise direction in the crank diagram. 
Thus a vector repix^scntiiig a lagging (quantity is shown in one 
diagram on one side of the vector of reference and in the other 
diagram on the opposite side of tlu* latter. Hence when the 
complt^x algebraic, or symbolic, method of representation is em- 
ployed ambiguity in signs is likely to occur if the polar and crank 



Fia. 13. Crank Vector Diagram (6) for the SiNnsoiDAii E.M.F. 

AND (JURJtENT KePRESEMTED BY (a) 

vector diagrams are used mdiscriiuinatcly. To rcunove this am- 
biguity the crank vc'citor diagram, in whi(;h alternating quantities 
are represented by rotating vectors, has been adoptixl by the 
International Electro technical C'ommission as the standard form 
of representation for electrical vc^ctor (pjantities. All vecdor 
diagrams and comi)lex algebraic (‘xpressions in this book cjonform 
to this standard, it b(*ing miderstood that such diagrams and 
expressions are used solely in comiection Avith quantities varying 
sinusoidally. 

Addition and Subtraction of Vector Quantities. In problems 
connected with alternating-current circuits wc may be concerned 
with a number of E.M.Fs. or currents of the same frequency but 
of different phases, and may wish to obtain the resultant E.M.F. 
or current. The quantities, if sinusoidal, may be represented by 
a number of rotating vectors having a common axis of rotation and 
displaced from one another by invariable angles which are equal to 
the phase differences between the respective quantities. The 
instantaneous value of the resultant E.M.F , or current, is given by 
the algebraic sum of the projections of the vectors on the vertical 
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axLs. The maximum value of the resultant is obtained by com- 
pounding the several vectors according to the parallelogram and 
polygon laws. 

Tlie parallelogram law of vectors states — 

If two oo-planar vectors, not lying in the same straight liae, 
meet at a point and a parallelogram be constructed having these 
vectors as adjacent sides, then their resultant is given in magni- 
tude and direction by the diagonal which passes through the 
point of intersection of the vectors. 

The polygon law of vectors states — 

If a number of co-planar vectors, not lying in the same straight 
line, meet at a point and an open polygon be constructed having 
one side formed by one of the vectors and tht^ remaining sides (‘.qual 
and parallel to the remaining vectors, taken in order, then their 
resultant is given in magnitude and reversed direction by the 
closing side of the polygon. 

To prove these laws it is necessary to show that the sum of the 
vertical projections of the vectors at a given instant is equal to the 
vertical projection of their resultant at that instant. Thus in the 
case of the parallelogram of vectors let OA, OBy Fig. 14 (c/), represent 
two rotating vectors having a phase diilerenee 9?, and let OC — the 
diagonal of the pfirallelogram 0.46'i?“-rcpr(\sent their resultant. 
The vertical projections of OA^ OB, OC are given by Oa, Ob, Oc, 
resptu'.tively. 

From Fig. 14 we have 

Oc = Oa + ac. 

But ac is the vertical projection of AC, and as AC is equal and 
parallel to OB, therefore ac = Ob. Hencts 

Oc ~ Oa A- oc == Oa + Ob 

and the proposition is proved. 

The polygon law of vectors may be proved in a similar manner. 
If the vector difference of the quantities is requir'd, the vector 
representing one of the quantities is reversed, and this rc^versed 
vector is compounded with the other vector according to the 
parallelogram law. For example, if in Fig. 14 (6), OA and OB are 
two vectors and their difference {A - B) is required, the vector OB 
is reversed, i.e. another vector OB' is drawn equal to, but in the 
reverse direction to OB, and OA and OB' are compounded according 
to the parallelogram law, thus giving the resultant OD. Then OD 
represents the difference of the vector quantities A, B, Similarly 
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if the difference B- A is required the vector OA is reversed and 
the resultant OE is ()l)tained. 

Vector Representation of Root-mean-square Values of Alternating 
Quantities. In alternating- current circuits we are chiefly concerned 
with R.M.S. values of current and and their phase differ- 

ences. Provided that tine law of variation of the quantities is 



(a) [b) 

Fi( 3. 14. PAi<Ai.i.eix)aiiAM of Vectors Aptlikd to the Addition (a) 
AND SuHTRACTlON (/j) OF 'Fwo VECTORS OAy OB 


known, a knowledge of their instantaneous value's throughout a 
])eriod is umiecessary and is of litlh'- intc'rest in prae4i(;e. Now 
with sinusoidal quantities the R.M.S. valiK'. hears a fixc'd ndation to 
the maximum value, llenci* R.M.S. values may be determined 
directly from the vector 
diagram by a suitable 
change of scale Tlu'rc'fore, 
when the resultant of a 
number of currimts, or 
E.M.Fs., is to be det€3rmined 
we may represimt the quan- 
tities by fixed vectors, the 
lengths of which represent 
the R.M.S. values of the quantities and the angular displacements 
(ff the vectors with respect to one vector, or quantity of reference, 
represent their phase differences wit h respect to this quantity. Lead 
is represented by an angle in the counter-clockwise direction, and 
lag is represented by an angle in the clockwise direction. 

Thus the crank diagram of Fig. 14 (a) may be replaced by the 
stationary vector diagram of Fig. 15, which is virtually a diagram 



^ Vector oF Reference 


Pig. 15. Vector Diagram for 
C(^NSTANT Quantities 
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for constant quantities, as would be employed in connection with 
applied mechanics. 

Example. Ropreaent tho following quant itios by vectors — 

6 sin {2Tift - 1) ; 3 cos {2TzJt 4* 1) ; 2 sin {2nft + 2*5) ; 4 sin {2nft -1). 

Add these vectors together and express the result in tho fonn — 

A sin {2n/t -f- 9>) • [C. and G.] 

Observe that all tho quantities have tho same frequency, /. Hence th » 
vectors representing tliem may be added together. Before doing so, however, 
it will be convenient to express all the quantities as sine functions. Thus 
the second quantity 3 cos {2Tzft) +1), 

may be written 3 sin {2Tzft + 1 + i7r)=- 3 sin {2nft + 1 + 1*57) 

= 3 sin {2nft 2*57) 

The maximum value of each quantity and its phase difference with res^ject 
to the quantity of reference, viz. X sin 27c/<, is given in the following table — 




Phase difference with 

Quantity. 

Maximum 

value. 

respect to 

X sin 2nft. 


Radians. 

Degrees. 


(a) 6 ain (27r/f - 1) 

6 

- 1 

-67*3 

(6) 3cos(27r/f + 1) 

3 

-h 2-57 

-f 147*2 

(c) 2 sin {2nft -f 2*5) 

2 

-f 2*6 

4- 143*2 

(d) 4 sin (27t/f - 1) 

4 

- 1 

-67*3 


The vector diagram is shown in Fig. 16 , in which OX represents 
th(? vector of reference, and OA, OB, OC, 01) represent the four 
quantities a, b, c, d respectively. The resultant, or sum, of these 
vectors is obtained by comi)ounding them according to the polygon 
law and is reprc8ent(Hl by 00, which is 4*81 units long and lags 82 °, 
or ( 82 / 57 ' 3 ) = 1*43 radians, with respect to the vector of reference. 
Hence the sura of the quantities is 

4-81 sin ( 27 Tft- 1 - 43 ). 

Representation by Trigonometrical Functions 

We have already shown that in tho case of quantities varying 
harmonically the instantaneous values are proportional to the sine, 
or in some cases to the cosine, of the time-angle. Hence in the 
analytical treatment of these quantities they are expressed as a 
trigonometrical function (sine or cosine) of the time-angle, e.g. 
e = E^ sin (ot\ t = sin {cot -<p) \ 1 = 1^ cos cot. 

Tliis method is particularly suitable for dealing with instantaneous 
values, as it enables the relationship between current and E.M.F. 
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for the simpler circuits to be deduced analytically and the quantita- 
tive relations between these quantities to be calculated accurately 
as shown in the following chapters. By means of Fourier’s series 
the method can be extended to the calculations of circuits when the 
wave-form of the supply E.M.F. is non-sinusoidal (see Chapter XIV). 

As both maximum and R.M.S. values can, in the case of sinusoidal 
quantities, readily be obtainc'd from the instantaneous value, the 
frigonom('trical method is largely employed in the calculations of 
efectric circuits and is developed further in the following chapters. 

8 



Fia. 16 . (jKAPHrcAT. Solution and Vf.ctou DrAORAM for Example 

(p. 22) 


Representation by Complex Algebra 
Symbolic Notation. Tliis form of representation is an algebraic 
method of representing vector quantities and enables the operations 
which are carried out graphically in a vector diagram to be per- 
formed analytically. It is, moreover, of considerable value in the 
solution of alternating-current problems, as the results obtained are 
of the same order of accuracy as those obtained by trigonometrical 
methods although the calculations are usually simpler and less 
tedious. 

The basis of the method is the representation of vector quantities 
by their components in the direction of arbitrarily chosen axes of 
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reference. For example, the vector OEi, Fig. 17, ma}^ be completely 
specified by stating that its horizontal component is and its 
vertical component is b^. Instead of stating these conditions 
verbally we may express tliem symbolically, thus 

El “ Oi + jbi 


where j indicat4‘.s that the component bj is p(*.rpendicular to the 
componfiiit Oj. 


This method of representation 
is similar to that adopted in ana- 
l^^tical geometry for representing 
co-planar points in terms of thtdr 
rectangular co-ordinat(iS but it 
admits of more extensive applica- 
tion owing to the two comi)onents, 
or co-ordinates, being (‘oimected 
by an algc'braic sign, the us(j of 
which retpiires the introduction 
of the distinguishing symbol j to 
pn^vent thest^ (lornponenls being 
treated as ordinary alg(d>raic 
quantiti(‘K. 

Axes of Reference. The horizontal axis, XOX\ Fig. 17 , is called 
the real or m-phase axis. Components in this axis are calK'd in-phase 
components : tlajy are ])ositive when na^asured to the right of 0, 
and negative when m(*asur(‘d in the reverse^ direction. 

The vertical axis, YOY\ Fig. 17, is called the imaginary, or 
quadrature, axis. Com])on(^nts in this axis arc callt'd quadrature 
components : they are positive wlum ineasurt‘d upwards and negative 
when measured downwards. Tlw'se comi)onc*nts are distinguished 
from thos(i in the horizontal axis by being compounded with the 
symbol j. 

For example*., in Fig, 17, the vector OEi is represented symbolically 



Fig. 17 . Fomponkt^ts of V'toctoks 
Ai.ong Axks of IIefkkkncic 


by the expression E^ ~ + jbj, 

the vector OE^^ by E^ -Og + jb^, 

the vector OE.^ by E^ ^ 
and the vector OE^ by E^ — -i^ 4 - 


Similarly, vectors having directions along the axes of reference 
are represented by 

Si • 

We may therefore consider j as an operator, the application of 
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which to a vector, or a vector component, causes a rotation through 
90° in the positive (counter-clockwise) direction. The double 
application of the operator rotates a vector through 180° and 
reverses its sense, e.g. the double application of j to the vector 
I = g gives the vector P = jjg — -g. Hence operation by jj or 
is equivalent to multiplication by - 1, so we may regard the 

t ect of as being equivalent numerically to ~ 1 and write 

f{ )=-!() 

Whence j ( ) = - 1 ( ) 

i.c. j has numerically the effect of the imaginary root of - 1.* 

In ordinary algcibra quantities having the factor \/ - 1 are called 
imaginary. This term may also be applied to vector components 
in the vertical axis, since when considering a uni-directional quantity 
such as a length, measured along a given axis, any measurement 
taken along a pc^rpendicular axis has no physical meaning and 
must th()r(ifore be regarded as imaginary. But when dealing with 
ele(!trical quantiticjs the t('rm “ quadrature component " is preferable. 

Complex Quantities. A quantity which is represented by two 
components along perp(‘ndicular axes is called a complex quantity. 
In this book com])lex quantities, i.e. vector quantities and complex 
numb(‘rs, are dtiiioted by dott(*d italic capitals, thus E ; vector 
compoiK'nts are denoted by bold italic lower-case characUirs, thus 
a, b ; simple magnitudes or scalar quantities are denoted by upper 
and lower-case italic characters, thus /, a, 6. 

For example, the vector Fig. 17, is represented by the 

comi^lex quantity 

~ «! + jbi ; 

its absolute value , or magnitude, is given by 

E, = VK" + ; 

and its phase, or inclination, (q)), to the horizontal axis is given by 

(p = 

(p is also called the argmnent of the complex quantity. 

Again, if a vcxitor in the horizontal axis is represented by 

/i = 5^1 + ~ g\ 

its absolute value (/i) is 

h = + 0 *) - <71 

and its argument is zero. 

* Mathematicians denote by i, but in electrical engineering it is 

necessary to use j for this quantity, as otherwise confusion might arise between 
the symbol i and that (i) used to denote current. 
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Similarly for other vectors in the axes of reference, 

/j = 0 +^ir2 = jg2 : h = V(o^ + ?2*) = ffii (p = 

h = = - 83 ; I 3 = V(-93'^+ 0 *)= 93 , <p = «• 

/4 = 0 -jgt = -jgt ; It = v'(0*+(-s'2)®)= 9t; <p = i7r(or - ^tt) 

Polar and Exponential Forms ot Expressing Complex Quantities. 

The method of representing a complex number, or quantity, by i^a 
rectangular comi)onents is called the rectangular form of re'presenth- 
tion. These components may also be expressed in the polar form 
Thus, in Fig. 17, 

Oj = E^ cos 9 ?, 61 = sin tp ; 

whence E^ = E^ cos cp + jE^ sin q> 

— El (cos (p j sin <p) 


This is one of the polar forms of expressing complex quantities 
and is usually called the trigonometrical form. 

The exponential form, E^ = Ey^^, where q) is in circular measure, 
may be derived by expressing sin q) and cos 9 ? in their trigonometrical 
series and substituting these in the above exj)re 8 sion for E^. Thus, 
if q) is in circular measure. 


Hence 


sin ^ = y - ( 9 p ®/3 !) + !) - {(p’jl !) + ... 

cos 97 = 1 - ( 9 ? 2 / 2 !) + 0 - ( 9 ^®/^ 0 + • • 




since numerically p = - j} = + ] , ^'6 ^ 


pw^ pq?^ p q)^ 

Now 1 + » + Yr + IT + ■ ■ • 

is the expansion for Hence the former expression for E^ may 
be written 

El = EitP^ 

where e (= 2*71828 . .) is the base of natural logarithms. 
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Instead of employing the exponential factor to express the 
polar form of a vector a proposal has been made* to employ the 
factor where J is an operator the application of which to a 

vector rotates the latter through a right angle with respect to the 
liorizontal axis. The index of J denotes the fraction, or multiple, 
^f a right angle through which the vector is rotated, a plus ( + ) 
^gn denoting rotation in the counter-clockwise, or positive, direction 
aind a minus (-) sign denoting rotation in the clockwise direction. 
Fot example, J^, m > 0, signifit;s a rotation of jTrm radians, 
or 90m®, in the counter-clockwise direction ; J""*, a rotation of Jtttw 
radians, or 90m®, in the clockwise direction. Similarly J*, J*, 
signify rotations, in the counter-clockwise direction, of i X Jtt 
= Jtt, or 45°, § X = Jtt, or 60° ; J X Jtt = Jtt, or 30°, 

respectively ; and */ J *, J ^ signify rotations, in the clock- 

wise direction, of 3 X Jtt = or 270° ; J X Jtt = or 
15° ; or 90°, respectively. 

This form of representation enables complex quantities to bo 
expressed in simpler mathematical expressions than the exponential 
form. It can be shown that the two forms are equivalent! and 
that J follows the ordinary laws of algebra in the same manner 
as j. 

In addition to the above polar forms for expressing a vector 
quantity a conventional form, E ^ E j ±(p^ is frequently adopted in 
practice. This form is purely conventional and does not possess 
the matliematical significancie of the other forms : it simply denotes 
that the vector quantity E has an absolute value equal to E, and 
is inclined at the angle 93 to the axis of reference, the plus (-f ) sign 
denoting an angle in the counter-clockwise direction and the 
minus (-) sign denoting an angle in the clockwise direction. This 
notation possesses the advantage that numerical results may be 
expressed directly in the polar form without the introduction of 
algebraic symbols. For example, a vector Ey of absolute value 
equal to 100, and inclined at an angle of 60° to the horizontal axis 
is represented by 

E = 100/60° 


* “ Application of a polar form of complex qiianiitieH to the calculation of 
alternating-current phenomena,” by Prof. N. S. Diamant. Transactions of 
the American Institute of Electrical EngineerSy V. 35, p. 957. 

t From De Moivre’s theorem wo have the identities 

cos 9 ? -f- y sin 9 ? ™ cos -f f sin Inm — (cos + j sin Jtu)^ = 
i.e. the operator J^{m > 0 ) is identical with (cos (p j sin 9 ?) where q> ~ ^Ttm. 
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Summarizing, we have the following ways of expressing symbolically 
complex numbers and vector quantities — 


(1) the rectangular form 

(2) the trigonometrical form 

(3) the exponential form 

(4) the polar form 

(6) the conventional form 


E = a ^jh 
E = E (cos 9 ? i j sin q?) 
E = Ee 
E = EJ 
E == Elq> 


Conjugate Complex Quantities. When two conjugate quantities 
have the same absolute values and arguments which are equal in 
magnitude but of opposite sign, they are called conjugate quantities 
Examples : a + j^y ^ * - u + jb, - a - jb ; E^^, E~^^, 

Ej-(p. 

Two conjugate complex quantities therefore correspond to two 
points, in the plane of the co-ordinates, which arc imagiis of each 
other with respect to the horizontal axis. 

Addition and Subtraction o! Complex Quantities. These operations 
are effected by the same rules which govern their application to 
ordinary algc^braic quantities, but tlu' in-phas(‘- and quadrature com- 
ponents must be treated separately. I^^or example, th(^ sum of two 
complex quantities — E^ = jb^ and E^ ” <*2 j ^2 given by 

the complex quantity 

E ^ El ■{- E 2 ^ (fli +i^j) + (<*2 +i^2) 

= + <*2 +i (^1 + ^2) 

The numerical value of this quantity is givim by 

E = + ^ 2 )^ + (^^1 + ^^ 2 )^] 

and its inclination (cp) to the axis of refertuice is given by 
(p = tan'i(^)i + ^2)/(«i + «2) 

A graphical representation of the process is shown in Fig. 18(a). 
Similarl}'^ with more than two quantities we have 

E = El E2 + ^3 + . . = (Uj + ^’6i)-f-(a2+^’62) 

+ + ■ • • 

= Oi + 02 -f Og + . . . 

H~ j{bi + 62 + ^3 + • • •) 

E = V[(a^ + «2 + + ^2 H” ^3 “f" • • 

(p == tan^ (^1 + ^2 + ^3 + ‘ • 0/(^1 + ®2 + ®3 + • • •) 

The result is obviously independent of the order of the quantities. 
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If the polar form of representation is employed we have 

E = 4- E^J^ ; 

where m = and n = /S/|^ ; «, /? being the inelinations, in 

radians, of the vectors E^, E^y respectively, to the axis of reference. 

The numerical value of this quantity, from tlie geometry of 
Vig. 18(a), is 

E = 2 E 1 E 2 cos (Ittv, - Inm) | [w> m] 

The inclmation ( 9 ?) to the axis of referen(‘e is given by 

9 ? = tan^ \ (El sin i7rm sin 17t7i)I(Ei cos ^ 7 rm + ( 



Fiu. 18 . Addition { a ) and Suutraction (6) of Vectors by Treatment 
OF THEIR Components Aeono the Axes of Reference 

When the sum of more than two complex quantities is required 
it is geiK'rally more I’onvenient to cinploy the rectangular form. 
The difference of two complex quantities — E^ ~ 

™ Og + given by the complex quantity 

E -■= El - E^ ==(ai + jbi) - (02 + jb^) 

= 01-02 +j(bi-b2) 

The numerical value of this quantity is 

E = V[K-«2)"+ 

and its inclination to the axis of refertmee is given by 
9? = tan"^ (bi - b,f)l(ai - Ug). 

A graphical representation of the process is shown in Fig. 18(6). 
These operations are applicable to vector quantities as well as 
complex numbers. 
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ElAmples. ( 1 ) Find the sum and difference of the vectors ^ 20 j40 

and Eg = 15 + j^O. 

The sum is given by the complex expression 

20 + 15 4- ji40 + 10) 

35 + jSO 

Hence E = ^(36* + 50*) = 61 
9? == tan"* 50/35 == 55** 

The vector difference is given by the complex expression 
E' = - Fa = 20 - 15 + j{40 - 10) 

- 5 + j30 

Hence F'=- + 30*) = 30-4 

tan-i 30/5 --- 80-6° 

(2) Find the sum of the vectors 10 - j5 ; = -2-\~jl5 ; Ig = 20-^jl0; 

- 4 ->30. 

The vector sum is given by the complex expression 

/ = fi + h + Js-h ^ (10-2 -I- 20-~4) -hj(-S + 15+10-~30) 
= 24 -jlO 

Hence I = V(24* + 10*) = 26 

<p ^ tan-* - 10/24 -- - 21-8® or 338-2‘* 

(3) Find the sum of the vectors ™ 10 J® ®", Z^ = 

The vector sum is given by 

Z = V[10* + 7* + 2 X 10 X 7 cos {90(0*66- 0-26)} 

= -v/ClOO + 49 + 140 cos 36°) 

^262*2 - 16*2 

<p = tan-*[108in(0*66 X 90)°+ 7Hin(0*26x90)°]/[10co8(0*6Gx90); 
+ 7 coa(0*26 X 90)°] 

= tan-* 11*387/11*52 -= 44° 40' 

(4) Add together the quantities 

5 sin {2-Kft - 1) ; 3 cos (2Kft + 1) ; 2 sin (27t/f + 2*5) ; 4 sin {2-n:Jt - 1) 

[Note. — The graphical solution to this example is given on p. 23.] 

The maximum value of each quantity and its phase difference with respect 
to ail arbitrary quantity of reference — X sin 2nft — are given on p. 22, and 
from these data we can calculate the rectangular components of each quantity. 
Thus— 


Quantity. 

Rectangular 

components. 

Quantity 
expressed sym- 
bolically in 
rectangular 
form. 

Trigono- 
metrical form. 

Conven- 1 
tional 
form. 

Horizontal. I 

Vertical. 

5 Bin(27r/t - 1) 

5/-57*3’ 

5 cos(-57*3)° 

2*7 

5 sin(-57*3)° 

= - 4*207 

2 7 -j4 207 

3 co8(2Tr/t+ 1 ) 

3/147-2° 

3 co8l47*2° 

- - 2*522 

3 sin 147*2° 

^ 1*625 

\-2 522-\-Jl'625 

28in(27c/< + 2*5) 

2/143*2° 

2 cos 143*2° 

== - 1*6 

2 sinl43*2° 

- 1*198 

-l-6+jll98 

4 8in(2Tc/< - 1) 

4/-57-3° 

4 cos(-67*3)° 

= 2*161 

4 8in(-57*3)° 

= - 3*366 

2161-j3-366 



FORMS OF REPRESENTATION 


31 


Hence the sum is given by tJie vector quantity 

Z = {2-7-2-522-l-6-\-2l61)+ji-4-207~\-162Si-1198~3-366) 
= 0-739 ~j4-76 

Z = ^(0*739* + 4*76*) = 4-81 
tp = tan-»(-4-75/0*739) -81-2* 

The sum of tho above quantities is therefore given by 4-81/ ~ 8 1-2°. 

The results obtained on p. 22 by the graphical construction agree fairly 
.well with these results. 

Multiplication and Division of Complex Numbers. These operations 
are effected by ordinary alg(‘braic rules. For example, the product 
of the numbers X = + jb^ and Y = <*2 + given by the 

complex number Zy thus 

Z=^XY = {Oi+jb^) (a, +jbi) = +^016, 

= OjO,- bidjj +^(0164 +a*bi) 

The absolute value (Z) of the product is 

Z = -v/[(«l«2 - ^1^*2)® + (»1^2 + «2*l)®] 

and its inclination to tlie axis of reference is 

<p = tan “ Ma) 

If the trigonometrical form of representation is employed, and 
the inclination of X and Y to the axis of reference are a, p, 
respectively, then 

Oi = X cos a ; 6^ — sin a ; <*2 “ P bg = T sin /?. 

Hence, 

Z^ XY = a^Qg - bjbg +^(0162 + Ogbj) 

= XY cosacos p - XY sin a sin/? -p j(JL 7 cos u sin/? 

+ XY cos p sin a) 

= XY\ cos (a + / 3 ) -f- j Siii{a + 18) { 

This is expressed in the polar form by 

z = + 

In the exponential form the product is given by 

Z = XY = XYe^^^-^P^ 

Thus the product of two complex numbers is a complex number 
having a magnitude equal to the product of the absolute values of 
the numbers and an argument equal to the sum of the arguments 
of the numbers. 

It is apparent that the physical meaning of the result is shown 
better by the polar and exponential forms than by the rectangular 
form. 
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The result also holds if one of the numbers is a vector quantity, 
since in this case the product is another vector quantity. For 
example, if a sinusoidal alternating quantity, which is represented 
by a rotating vector, is multiplied by a complex number the result 
is another alternating quantity of the same frequency but of 
different magnitude and phase with respect to the original quantity. 

If, however, two alternating quantities of the same frequency arf 
multiplied together the result (see p. 70) is an alternating quantity 
of double frequency. 

For example, the product E sin cot and I cos cot is 
E sin cot . / cos cot = \EI sin 2cot 

The physical meaning of the product is considered in Chaj)ter V. 

Division of Complex Numbers and Quantities. The quotient of 
two complex numbers is another comi>lex number, and that of 
two vector quantities is a complex number ; but if a vt‘etor quantity 
is divided by a complex number the result is another viictor 
quantity of different magnitude and phase to the original vector 
quantity. For example, the ojH^ration on tlui vector quantity 
E = a + jb by the complex number Z ■= r ~\- jx is giv(m by 
the vector quantity 

1 = ^= = (<» + J fe) (r-j x) ^ {a-ljb) jr-jx) 

Z r + jx (r + jx) (r -jx) r* + a-^ 

ar I 6x . fbr~ ax\ 


[Observe that the denominator r +^’x is rationalized by introducing 
the conjugate expression r-jx.] 

The absolute value of this quantity is 


/ f /ar + bx\^ I br- ax \ ^ ) 

""V |Vr* + a:V ^ V^T^V ) 


and its inclination to the axis of reference is given by 


cp = tan'^(6r - ax)j(ar + bx) 


The physical meaning of the result is shown better when the polar 
and exponential forms are employed. Thus the operation on the 
vector quantity E = Ee^^i by the complex number Z = Ze^^^ is 
given by the vector quantity 


I 



Ee^^’i E 

r— = — 

z^v^ z 
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Similarly, for the polar form, we have 
• viva 

In the special case when the argument of the vector quantity is 
^sero, the result is given by 

or in the polar form by 

I = f 
Z 

and in the rectangular form by 

E E{r-jx) 




Z r+jx 


Er^ .(Ex \ 


9?, = tan“^ - xjr 


Another special case of interest is where one complex quantity 
is the reciprocal of the other. Thus let the complex quantity Y = 
be the reciprocal of the complex quantity Z = Ze’^. Then 
by definition 

rz == 1 = X Ze^P = YZe’^^^ + p^ 

Hence a + /? = 0 

or ^ =r - a 

i.e. the reciprocal of the vector Z has a length equal to Z and is 
inclined at an angle equal to -a to the axis of reference. 

If the rectangular form is employed the physical meaning of the 
result is not so apparent. Thus if the vector Z is represented by 
Z == r +jx, then the reciprocal vector Y is represented by 



Z r + jx " (r -f jx) (r - jx) 

r X 


4--(T.5245) 
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The length of the reciprocal vector is therefore equal to 

"■ J (r» + X*) 

= IjZ 

and its inclination to the axis of reference is given by 
q> = tan"^ - xjr 


Examples. (1) Find the qnotiontH of each of the following pairs of 
numbers — 

(a) 3 5 -j2 ; ( 6 ) 5, 1 + jl ; {c) - 2 + j2 ; - 3 -j4. 

Denoting the quotients by Y^, and the arguments of those 

quantities by 99 99 ^, respectively, we have 

_ 3 H- j3 (3 +j3){5+j2)_3x5-3x2-[-j{3 x 2 3 x 5) 

^^'^~5-j2 “ “ 6*+“2* 29 - 


= 0-31 + jO‘724 

Ya “= 4- 0-724*) 0-788 

<Pa = tan- » 0-724/0-31 fiO- 8 ® 


Ya ■ 0 - 788 / 66 - 8 ‘* 


Yi, 

Y, 


5 

‘ 4/1 


5(1 -jl) 


. 1=* 4 1 

(2-5* 4 2-5*) = 3-54 
1-1 - 2-5/2-r> = - 45® 


2-5 -j2'S 


3-64 /- 46® 


-2 +j2 (-2 4i2) (-34i4) _2 x3-2x44j(-2x442x(-3)) 

' ^3 - j4 ' 3* 4 4* ' 25 

= - 0 08 -^jO’56 
Yg = V(0-08* 4 0-56*) =- 0-566 
<Pg -= tan-*(- 0-56/ -0-08) = -98-1® 

Ye -=■ / - 98-1® 


(2) Find the reciprocal of the number 5 4 ^5. 
The reciprocal number is 

Y == i = 0'0S62 -i009 

52 + ga 1 52 _j_ gs ^ J'' 

Y = v'(0*0662* 4 0-09*) == 0-0106 

= tan-» - 0-09/0-0562 - 68 ® 


Y = 0*0106 /- 58° 



CHAPTER m 

RESISTANCE AND INDUCTANCE 

In direct-current circuits the relationship between E.M.F. and 
current is a simi)le one and is given by the equation E = IB. 
Now the resistance (B) of the conductors of any particular circuit 
is constant provided that the temperature of the conductors is 
constant. Hence, except for the variation of resistance caused by 
change of temp(u*ature, the resistance of a circuit carrying a 
direct current is independent of the magnitude of the current.* 
Thus for a given circuit the ratio Ejl is constant. 

In ali(3mating-current circuits generally this simple relation 
between E.M.F. and current is not aj)plicabl(3, as the variations of 
current and E.M.F. set up magnetic and electrostatic effects, 
respectively, which must be eonsidt^red together with the resistance 
of the circuit when determining the quantitative relations between 
current and E.M.F. For example, with low-voltage circuits mag- 
netic effects may be very large, especially whe^n the currents are 
very large, but (^kictrostatic effects are usually negligible. On the 
other hand, with high-voltage circuits electrostatic effects may be 
of appreciable magnitude, and magnt^tic effects are also present. 
Hence, in obtaining the relation between E.M.F. and current, these 
effects must be given due consideration. 

In this chapter wo shall consider the manner in which the 
magnetic effects due to the current in a circuit affect the relationship 
between the applied E M.F. and the current, reserving for a later 
chapter the discussion of electrostatic effects. 

Inductance. An electric current in a conductor produces a 
magnetic field which encircles the conductor. When no other 
magnetic fields are present the paths of the magnetic lines are 
circles which are concentric with the conductor. The magnitude 
of the magnetic field is proportional to the magnitude of the current, 
and the direction of the field depends on the direction of the current. 
If the conductor forms part of a circuit carrying an alternating 
current the flux will be alternating, and the linkage of this flux 
with the circuit will induce therein an alternating E.M.F. The 
magnitude of this E.M.F. is, at any instant, proportional to the 
time rate of change of the flux at that instant. As the induced 

* It is assumed that tlie distribution of the current over the cross section 
of the conductor remains constant at all currents. 
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E.M.F. is due solely to the magnetic effect of the current, it is called 
the E.M.F. of self-induction., or the inductive E.M.F. 

Inductance (also called self-induction) is the property of a circuit 
in virtue of wh0i a var3dng current causes a variation of the flux 
interlinked with the circuit and an E.M.F. to be induced therein. 

A circuit possessing inductance is called an inductive circuit and 
one devoid of inductance is called a non-inductive circuit. Since it 
is difficult to obtain a circuit absolutely devoid of inductance, the 
terra “ non-inductive circuit ” usually refers to one in which the 
inductive effect (or reactance) is negligible in comparison with the 
resistance. Examples of non-inductive circuits and apparatus : 
incandescent lamps, liquid and grid rheostats, concentric cables, 
standard low resistances constructed of concentric tubular conduc- 
tors. Examples of inductive circuits: solenoids, and all electro- 
magnetic apparatus and machinery, overhead transmission lines. 

Coefficient of Inductance. In an alternating-current circuit of 
constant magnetic reluctance the flux is directly proportional to, 
and is in phase with, the current. Thus 

OAniN /0-47rJV\. 


where <I) is the flux corresponding to the current i (amperes), N the 
number of turns through which the current passes, and S the 
magnetic rchiciance in centimetre units. Hence, in such a circuit 
the E.M.F. of self-induction (cj, volts) is, at any instant, proportional 
to the rate of change of the current, thus 

N dO / OAttN^ \ di di 


where L is a constant, called the coefficient of inductance — or, shortly, 
the inductance — of the circuit. The minus sign is introduced 
because the direction of the induced E.M.F. must be such as to 
oppose the flow of current. 

Numerically, 


0477^2 

NO 

“ i X 10» ' 


(7) 

( 8 ) 


dijdt 


(9) 
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The coefficient of inductance is therefore a constant property of all 
circuits for which the magnetic reluctance is constant. 

The practical unit of inductance is the henry. This unit is 10* 
times the C.G.S. electromagnetic unit, which is a centimetre ; 
inductance having the dimension [M*L3T*]T/[MlL*T-^] = L, 
where L, M, T denote length, mass, and time respectively. 

A cii’cuit possesses an inductance of 1 henry when 

10** linkages of flux and turns are produced by a current of 1 
ampere passing in th(^ circuit ; or when 

an E.M.F. of 1 volt is induced by a current varying at the rate 
of 1 amiDcre per second. 

Equation (9) gives L in practical units (i.e. henries) when is 
expressed in volts and di jdt in amperes per second. 

Example. A wooden ring of circular c;ross section, 20 cm, mean diameter 
and /> cm.® cross section, is wound imiformly with 1000 turns of fine? wire. 
Calculate the imlvictanco of the winding. Also calculate the value of the 
induced when a current varying at the rate of 190 A. per second is 

sent through the winding. 

The nductance of t he magiKitic path of the wound ring is equal to 

moan magnetic length 207r , 

— — — — 471 

cross sect ion 


Hence, substituting in equation (7), we have 


0-4:: X 1000® 
"Ttt’x 10» 


10-* H., or 


mill i -henry. 


The induced E.M.F. is obtained from equation (9). Thus 
Ldi/dt 
10-® X 190 
-= 0-19 V. 


Mutual Inductance. If a circuit (.4) carrying an alternating 
current is in close proximity to another circuit (J5), the flux duo to 
the current in the former will interlink with both circuits and induce 
in them E.M.Es., the direction of which will be the same for each 
circuit. Now the E.M.F. induced in circuit A acts in such a 
direction as to oppose the change of current in it. Hence, if circuit 
B is closed upon itself, the direction in which the current circulates 
is the same as that of the induced E.M.F., and is oi)posite to that 
of the current in A . The resultant ampere-tums duo to the currents 
in these circuits are therefore smaller than those due to the current 
in A, and on the assumption of constant reluctance, the flux linked 
with the circuits under these conditions is smaller than that which 
is linked with A when B is open or removed, the current in A being 
the same in each case. Thus the effect of the induced current in B 
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is equivalent to a reduction of the self-induction of A, This 
inductive action of one circuit upon another is called mutual 
inductance or mutual induction 

Suppose the above circuits consist of N^yN^ turns, respectively, 
wound in close proximity upon a common non-magnetic, non- 
metallic core of reluctance S. Assume alternating current to be 
supplied to circuit A, and circuit B to be open. Then the flux (Oj) 
due to a current i^ amperes in A is 

= O'ArriiNJS 

The number of linkages of this flux and the turns in 5 is 
= 0‘4^hNiNJ8 

and the E.M.F. (e^) induced in circuit B is 

N 2 d^i OAttN^N^ dll dil 

W dt '^"~W~x S ^ 
where M == (^‘AnN^N^jS X 10*, and is a constant. 

Similarly, if alternating current is supplied to circuit B and 
circuit A is open, the flux ((pj) due to a current amperes in B is 

<t)2 = O'Att^NzIS 

The number of linkages of this flux and the turns of A is 
OgA, = OAm^N^N^IS 
and the E.M.F. (Cj) induced in circuit A is 




-7f = -ilf 


■ ^ 
di 


^ ^2 _ (^AttN^N^ di^ 
lO* dt 10* X s' di 
where M ■= O X 

The constant M is called the coefficient of mutual induction, or, 
shortly, the mutual inductance of the two circuits, and is a constant 
property of the circuits provided that the reluctance is constant. 

Numerically, 


10» X S 

. 

• (10) 

i, X 10« 

' X 10» * 

. (11) 



. (12) 

(di^jdt) 

(di-^jdi) 
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The practical unit of mutual inductance is the henry. Thus 
inductance, whether self or mutual, is expressed in henries. 

Two circuits possess a mutual inductance of 1 henry when 

10® linkages of flux and turns are produced in one circuit due 

to a current of 1 ampere in the other circuit ; or when 

an E.M.F. of 1 volt is induced in one circuit by a current 

varying at the rate of 1 ampere per second in the other circuit. 

Equation (12) gives M in henries when the induced E.M.Fs 
(Ci, Cj) are expressed in volts and the rate of change of current is 
expressed in amperes per second. 

Example. A straight cylindrical wooden core 4 cm. diameter is wound 
over uniformly with one layer of fine wire, there being 8 turns per cm. for a 
length of 100 cm. Around the middle of this helix is wound a search coil of 
50 turns. Calculate the mutual inductance of the coils and the E.M.F. induced 
in the search coil when a current of 1 A., at a frequency of 50 cycles per second, 
is sent through the helix. 

As the length of tlie helix is great in tiomparison with its diameter the flux 
density (B) at its centre, due to current i, is 

B = O' Itt X amp. turns per cm. length 
== 0*4Tr X 8i 

Hence the flux (<!)) at the middle of helix duo to unit current is 
0 = BA 

0*4tu X 8 X it X 2* 

This flux is linked with the turns of the search coil, and therefore the mutual 
inductance of the coils is 

__ O X 50 0-47r X 8 X 7T X 2* X 50 

^ " ~''io” " 'io* 

- 0-063 X 10-» 

= 0-063 milli -henries. 

The instantaneous value (r^) of the E.M.F. induced in the search coil is 
^2 — - — di-y jdt 

whore is the instantaneous value of the current in the primary coil. If this 
current is represented by the equation i -- sin tot^ we have 

d 

= - Ml^u) cos cot 
toMI^ sin {wt Jtt) 

The maximum value of the induced E.M.F. is coMl^, 
and the R.M.S. value {E 2 ) is coMI. 

Hence Jg?* « 27T X 60 X 0-063 x lO'* X 10 
- 0-02 V. 
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Relation Between Self-inductanoe and Mntnal Indnctance. If 

denote the respective self-inductances of the above circuits. 

X 10« 

La = X IQS 

Hence, = (0-^N^NJS x lOS)^ = if 2 

or if = V(A^ 2 ) (13) 

Thus the mutual inductance of two circuits is equal to the square 
root of the product of their self -inductances. 

This equation is only strictly true when the whole of the flux due 
to a current in one circuit is linked with the whole of the turns of 
the other circuit, i.e, the turns in both circuits are coincident. In 
general, these two sets of turns are displaced from each other, and 
M is less than VL^La. The ratio is called, in radio- 

telegraphy, the coefficient of coupling, and mutually-inductivo 
circuits are said to be tightly or loosely coupled, according to whether 
the value of ratio Jlf/VLiLg approaches unity or is considerably 
less than unity. 

Apparent Self-inductance of Mutually-inductive Series Circuits, 

If the two mutually-inductive circuits A, B considered above are 
connected in series, the joint, or appanmt, inductance is given by 
L = Lj -|- La zb 2ilf . 

Thus the self-induced E.M.F. in A due fco the current (i) is equal 
to - Lidijdt, and that in B is equal to - L^dijdt. Again, the E.M.F. 
induced in A due to mutual induction from B is equal to Mdijdt, 
and that induced in B due to mutual induction from A is equal to 
^ 31 dijdt, the double sign denoting that two combinations of the 
circuits are possible, i.e. the connections may be such that the 
magneto-motive forces act either cumulatively or differentially. 

Hence, the sum of the induced E.M.Fs. due to the variation of 
current is 



^ di 

■i.5-,=F2» 


di 

It 





where L = Lj + zb 2^1/ 

If the mutual inductaiiQe is variable bc^tween the limits 31^^!^ 
variation of the joint inductance may be obtained over the 
rangers L^ + Lg — 2ilf,„„^ to Lj + Lg — 2if^,.„, and Lj -f Lg -f 
to Lj + />2 I' This principle is applied extensively 

in practice to variable standards of self and mutual inductance. 

Relation Between Current and E.M.F. for a Simple Circuit Possess- 
ing Resistance. Consider a non-inductive circuit, such as an incan- 
descent lamp, in which an alternating current is passing. Let the 
resistance of the circuit be R ohms and let the current be represented 
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by the equation i = sin a>t. It is roquirtxl to determine the 
impressed E.M.F. necessary to maintain this current. 

Now in any electric circuit the resultant of all the E.M.Fs. 
(internal and external) acting in the circuit must be zero, i.e. the 
internal E.M.Fs. which come into existence with the current, and 
are due to the resistance or other properties of the circuit, must 
balance the external, or impressed, E.M.F. 

If the circuit possesses only resistance we must have (e - Zir) = 0 ; 
or e = Zir, where e is the im- 
pressed, or applied, E.M.F., and 
Zir the internal E.M.Fs. produced 
by the passage of the current 
through the resistance of the 
circuit. It is important to observe? 
that the internal E.M.Fs. (Zir) 
act in opposition to the current, 
and at any instant their phase 
difference with respect to the 
current is 180°. 

Hence for the circuit under 
consideration the internal E.M.F. 
due to resistance is, at any instant, 
given by 

ejj = - Ri = - RI^ sin cot, 

the minus sign indicating that acts in opposition to the current. 

Therefore the equation to the impressed E.M.F. is 

e = - = RI^ sin ce/ . . (14) 

Thus th(i impressed E.M.F. must be sinusoidal and of the same 
frequency as the current. It must also be in phase with the 
current. These conditions are shown graphically in Fig. 19, in 
which the sine curve I represents the current, the sine curve E the 
impressed E.M.F., and the sine curve E^^^ the internal E.M.F. 

Conversely, if a circuit possessing pm’o resistance be connected 
to a source of sinusoidal E.M.F. the current in the circuit will be 
sinusoidal and will have the same frequency and phase as the 
impressed E.M.F. For example, if the impressed E.M.F. is given 
by the equation 

e = E^ sin cot 
the equation to the current is 

» = — smeot (15) 

n 



Fig. 19. Repkksbntation of 
C cRBENT AND E.M.FS. (ExTEUNAL 
AND Intrunal) fok Non-induotivb 
Circuit 




42 


ALTERNATING CURRENTS 


The maximum value of the current is 

and the R.M.S. value is 

I = EjR 

Hence the relationship between current and E.M.F. is the same 
as for a continuous-current circuit, and the ratio Ejly or 
gives the true resistance of the circuit, such as would be obtained 
by a test with continuous current. This statement, however, holds 
true only in cases where (a) the current is uniformly distributed 
over the cross-section of the conductors, (6) the conductors are 
removed from the influence of external alternating magnetic fields. 

Relation Between Current and E.M.F. for Circuits Possessing 
Inductance Only. Consider a purely inductive circuit of which 
the inductance is constant and equal to L, Although such a circuit 
cannot be realized absolutely in practice, it is approximated to by 
a non -magnetic torus with a low-resistance winding. If the torus 
is of laminated iron, or of iron wire, a closer approximation to a 
purely inductive circuit is obtained ; but in this case the inductance 
will vary with the saturation of the iron core. 

Let the current in the circuit be represented by the equation 
i = sin oit. Then the E.M.F. induced in the circuit by the 
alternations of the current is 

= - L CO Ifn cos cot 
= coLI^ sin {cot - ^tt), 

which is of the same frequency as the current but lags behind it by 
an angle of Jtt radians, or 90°. 

Since the resistance of the circuit is zero the impressed E.M.F. (e) 
must balance the E.M.F. of self-induction. Hence the equation to 
the impressed E.M.F. is 

e = - ei. = - (oLl^ sin {cot - Jtt) 

= coLI^ sin {cot + Jtt) . . (16) 

Thus the impressed E.M.F. must be sinusoidal and of the same 
frequency as the current. Moreover, it must lead the current by 
an angle of 90°. 

Conversely, if a purely inductive circuit be connected to a source 
of sinusoidal E.M.F. the phase diflerence between E.M.F. and 
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current will be 90® (lagging). A graphical representation ot these 
conditions is shown in Fig. 20, in which the sine curve I represents 
the current, the sine curve E the impressed E.M.F., and the sine 
curve E^^ the E.M.F. of self-induction. 

From equation (16) the maximum value of the impressed E.M.F. 
is 

and the ll.M.S. value is 

E = (oLI - 27r/L/ 



Fig. 20. Rei’kksentation op’ Cukhent and E.M.Fs. (Kxtewnad and 
Internal) for Purely Inductive Circuit 

The ratio Ejl = o)L = 2TTfL is called the reactance of the circuit, 
and is denotcnl by the symbol X. Rciacianeo has the same dimen- 
sions as resistance (both having the dimension [L/T] in the 
electromagnetic system of units) and is accordingly expressed 
in ohms. 

Relation Between Current and E.M.F. for Circuits Possessing 
Resistance and Inductance. Consider a circuit of resistance R ohms 
and an inductance (which is assumed to be constant) of L henries. 
I^.t the current in the circuit be represented by the equation 
i — Ifn sin cot. 

The internal E.M.Fs. in the circuit are 

(1) the E.M.F. due to resistance (= - Ki) which has a 

phase difference of 180® with respect to the current ; 

(2) the E.M.F. of self-induction (= ^--Ldildt) which has 
a phase difference of 90®, lagging, with respect to the current. 

The impressed E.M.F. (e) must balance the internal E.M.Fs. 
Therefore 

e = - (Cn + Cl) = Ri L dijdt 
= jf?/^ sin cos coi . • (17) 
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But the sum of two sinusoidal quantities can be expressed as a 
single sinusoidal quantity. Thus, multiplying and dividing each 
term of equation (17) by \/(R^ + co^L^), we have 

e = cos j 

Now if tan 9 P = (oLjR 

cos (p = RI\/(R^ + (o^L^) 

sin q) = 5 = (Uhl's/ {R^ + 

we obtain on substituting these values in the above equation, 

® I cos (p sin cot + sin q) cos (ot^ 

= + (o^L^) sin + 9 ?) . . . (18) 

This equation shows that the impressed E.M.F. is sinusoidal and 
leads the current by the angle 97 , the tangent of which is equal to 

(oL reactance 
R resistance 

Conversely, if the equation to the current had been given as 
^ ~ “ fp)i where <p = (oLjR, we should have obtained 

for the impressed E.M.F. the equation 

® = ^mV + co^L-) sin cot 

Hence, if a sinusoidal E.M.F. represented by the equation 
^ ~ be applied to the circuit, the current, when the steady 

or cyclic state* is reached, will be given by 

E 

* • • • -( 19 ) 

Ihus in an inductive circuit, of constant resistance and inductance, 
supplied by a source of sinusoidal E.M.F., the current is sinusoidal 
and of the same frequency as the impressed E.M.F., but is laegine 
with respect to the latter 

The maximum value of the current, from equation (19), is 
= EJy/(Ri + cw^L*), 


of general eqiiation to tho current must take into account the value 

of the unpresflod E.M.F. at the instant of closing the circuit. In gener J 
the first few cycles of the current wave are irregular, but the waves ^come 
sinusoidal after a short time (see Chapter XXIII). 



RESISTANCE AND INDUCTANCE 


45 


and the R.M.S. value is 

I = E|^/(R^ + ^2^2) 

The ratio Ejl ^ ^(R!^ + is called the impedance, or 

“ apparent resistance/' of the circuit, and is usually denoted by the 
symbol Z. Impedance has the same dimensions as resistance, and 
is accordingly expressed in ohms. 

The equation connecting E.M.F., current, and impedance in an 
alternating-current circuit is therefore similar to that connecting 
E.M.F., current, and resistance in a continuous-current circuit. 
Hence, by regarding impedance as “ apparent resistance," Ohm’s 
law is applicable to alternating-current circuits in which E.M.F. 
and current are sinusoidal. We shall see later that this law is 
applicable to all simple series and parallel circuits, even when 
electrostatic capacity in a concentrated form is present. It should 
be observed, however, that impedance is not necessarily a constant 
property of an alternating-current circuit, as this quantity includes 
resistance, inductance, and frequency. But with constant resist- 
ance, inductance, and frequency the impedance will be constant, 
and therefore the ratio Ejl will be constant. 

Tlie relationship bt*tween the current, the two internal E.M.Fs., 
and the impressed E.M.F. is shown graphically in Fig. 21. The 
impressed E.M.F, is represented by the sine curve E, and the 
current is represented by the sine curve /, lagging (p^ behind the 
latter. The internal E.M.Fs. due to resistance and inductance are 
represented by the sine curves Ej, respectively, the former 
having a phase difference of 180° (lagging), and the latter a phase 
difference of 00° (lagging), with respi^ct to the current curve I, 

The sum of curves 
and Ej^ gives a sine curve 
which represents the resul- 
tant internal P].M.F, and 
balances the impressed 
E.M.F. Obviously the im- 
pressed E.M.F. curve E may 
be resolved into two com- 
ponents which balance the 
internal E.M.F. curves E„, 

Aj . These components are 
represented by the sine 
curves - E^, - Ej., respec- 
tively, the former being in phase with the current and of maximum 
value RI„, the latter leading the current by 90® and having a 



Fig. 21 . Kevresentation of Cukuent 
AND E.M.Fb. (Exteiinal and Internal) 
FOB AN Inductive Circuit 
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maximum value equal to coLI^, The curves - - E^^ therefore 

represent the components of the impressed E.M.F. which are 
expended against resistance and inductance respectively. 

Vector Diagram for a Series Circuit Contain- 
ing Resistance and Inductance. The vector 
diagram for this circuit is shown in Fig. 22, in 
which the current vector 01 is taken as the 
vector of reference. The internal E.M.Fs., 
E^t are represented by the vectors OAy OB 



Fig. 22. Veotoh 
Diagram for an 
Inductive Circuit 


respectively, the lengths of which are propor- 
tional to RI and o)LI respectively. The 
components of the impressed E.M.F. which 
balance the internal E.M.Fs. are represented 
by the vectors OC, OD. The impressed E.M.F 
is therefore represented by OE, which is tlie 
resultant of OC and OZ), and leads the 
current vector by the angle q). 

The length of OE, which is proportional to the R.M.S. value of 
the impressed E.M.F., is given by 

E =^^,/(0C^ + OD^) =y/[{RI)^ + (coL/)2] 

= Iy/(R^ -f 0)27.2) 

and tan cp =0D jDE^ caLIjR! = (oLjR 

Tile vector triangle OCE is a triangle of E.M.Fs. for the circuit 
referred to the external source of supply. Thus OE represents the 
impressed E.M.F., OC the component which is expended against 
resistance, and CE the component which is expended against 
inductance 

Now, OC :CE : OE == RI : (oLI : W(R^ + 

= R :a)L: ^(R^ + co^L^) 


Hence the sides OC, CE, OE of triangle OCE are proportional to 
the resistance, reactance, and impedance respectively. On account 
of this feature the triangle OCE, when drawn to an ohm scale, is 
called the impedance triangle of the circuit. 

Impedance is therefore a complex quantity, i.e. it is only com- 
pletely specified when its magnitude and inclination, or alternatively 
its two perpendicular components with respect to the current, are 
given. But impedance is not a vector quantity as it is a non-directive 
quantity. 

In symbolic notation impedance is represented by the complex 
number 


^ = R+jX 
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the absolute value of which is 

z = 

and its phase or argument with respect to the current axis is 
(p = tan*' XjR 

In the polar forms of representation, impedance is given by 
Z = ; Z = ZJ^\ Z - Z\^ 


Examples. (1) An inductive circuit has a resistance of 1212. and an 
inductance of 0*2 H. What current will l)e taken when a sinusoidal E.M.F 



Ficj. 23. Okaphical Solution to Example 


of 100 V., at 50 frequency, is applied, and what will iKi the phase difference 
between E.M.F. and current ? 

The reactance of the circuit is 

X = 27r/L =- 27r X 50 x 0-2 =- 62-8 Q. 
and the inipedaiice is 

Z - 4- =■- = -v/(l2* 4- = 63-9 

Hence the current is 

1 ElZ - 100/63-9 1-66 A. 

and the phase difference liotween E.M.F. and current is 
o) - tan-i A77? - tan-M62-8/12) - 79° 10' 

(2) A current passing through a choking coil having an inductance of 
3 H. and a resistance of 2 Q varies according to the following/law: At time 0 
it is 0 ; it increases at the rate of 3 A. per second for 2 seconds ; it then 
remains constant for 1 second ; it then decreases at the rate of 2 A. per second 
for 3 seconds. Plot the current curve and also the voltage at the terminals 
of the choking coil. (C. and G.) 

The solution is given in Fig. 23, in which the trapezoidal curve 1 represents 
the current and the stepped curve E represents the voltage at the terminals 
of the coil. The latter is obtained from its components, viz. (1) the E.M.F. 
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(-JS7g) which is expended against resistance ; (2) the E.M.F. (-Ej,) which 
balances the E.M.F. of self-induction. The component is in phase with 
the current and is equal to RI = 2,1 volts. The component - is equal 
to L dildt (3 X amperes per second) volts ; it is positive — i.e. in the same 
direction as the current— -when the current is increafsing (di/dt positive) and 
negative when the current is decreasing (dijdt negative). 


Additional Theory Relating to Mutually-Inductive 
Circuits 


Non-uniform Distribution of Current over Cross-section of Conductor (Skin 
Effect). The elementary theory of mutually-inductive circuits may be 
applied to show that the distribution of current over the cross-section of a 
non -magnetic conductor is not uniform.* 

Thus, consider two concentric tubular elements A, 5, in the cross-section 
of a circular conductor, and let the cross-sections of these elements be equal. 
Further, let tg denote, the i currents in the elements, Lg, their self* 
inductances, M their mutual inductance, and R the resistance of each element 
for a given length of conductor. Then, if the potential difference across this 
length is denoted by c, we have 


dii di^ ^ ^ dig 

Tt 


e Ri, + -Ri^ + -;^ + M 


dt 


dt 


whence + -af[-]rJ 


Now if A is the outer element, Lg > and M = L^. 

din / Z/|| — Ljl\ 

Hence = 

which shows that the current density in the outer element {A) is greater 
than that in the inner element (B). 

Therefore, due to inductive effects, the current tends to concentrate 
towards the surface of the conductor. This ])henomenon is called the skin 
effect. It results in the heating, or PR^ loss in the conductor being greater 
than that when the current is uniformly distributed, and, in consequence, the 
“ effective resistance ” of a conductor when carrying alternating current is 
greater than the true resistance of the conductor. The skin effect becomes of 
considerable importance at high frequencies, and higlily stranded conductors, 
laid up on a hemp core, must be employed for transmitting high-frequency 
currents, the stranding being necessary for reducing the loss due to eddy 
currents. 

Moreover, on account of the non-uniform distribution of the current, the 
self-inductance of the conductor will be slightly lower than that calculated 
upon the assumption of imiform distribution of the current. 

* The full treatment involves cotnplex quantities and may be developed along similar lines 
to those employed in Chapter XV ih connection with the calculation of the flux distribution 
in a magnetic core. Tn fact the distribution of current over the crosR-section of a large 
conductor may, at high frequencies, be represented by a curve similar to that of Fig. 218. 



CHAPTER IV 

CAPACITANCE AND CONDENSERS 

Electrostatic Potential. The potential of a conductor is defined 
as the work done by, or against, electric forces in carrying unit 
positive charges from the conductor to the boundary of the electric 
field, which is considered to be at zero potential. 

For example, consider an isolated spherical conductor, of radius 
r cm., surrounded by air and charged with Q positive units. 
Assuming this charge to be distributed uniformly over the surface, 
the force on unit positive charge at distance x from the centre of 
the sphere is (Q X l)lx^ dynes. Hence the work done in bringing 
this unit charge from the boundary of the electric field (i.e. infinity) 
to the surface of the sphere is 



which, by d(^fiiution, is the potential of the sphere. 

Energy Stored in an Electric Field. An electric^ally charged con- 
ductor is the seat of an electric (electrostatic) field, the lines of 
electric force being normal to the surface of the conductor. The work 
done in charging tlie conductor to a potential V is given by 

W = iQV ergs,* 

where Q and V denote the charge and potc^ntial, respectively, in 
electrostatic units. This energy is stored in the electric field and 
is released when the conductor is discharged. 

Capacitance. The ratio of the charge (Q) on a conductor to its 
potential (F), when all other conductors in the electric field are at 
zero potential, is called its capdcitance or electrostatic capacity (O), i.e. 
QjV ~ C. With this relationship between Q and V we may express 

* From tho definition of potential it followK that the work done in carrying 
a charge dq from the boundary of the electrie field to a eomiuctor charged to 
potential v iw v dq. Now the ratio of charge to potential is /constant ; hence 
if dv is the increment of potential duo to a charge dq^ dqjdv - C, a constant ; 
i.e. dq ~ G dv. Therefore the total work done in charging the conductor to 
a potential V is 

W = vdq— C vdv — --- ^QV ergs, 

O o 

where Q is the charge corresponding to a potential V. 

4'J 


5— (T.5a45) 
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the energy ( W) stored in the electric field in terms of capacitance and 
potential, thus 

= jgF = \CV^ ergs (20) 

whence C = 2W jV^ (21) 

i.e. the capacitance of a conductor is equal to twice the energy stored 
in the electric field when its potential is unity. Capacitance may, 
therefore, be regarded as a property of a conductor, or a system of 
conductors, in virtue of which electrical energy can be stored in the 
surrounding electric field. 

Unit of CEP&citsnce* In equation (21) the capacitance will be given 
in electrostatic units— i.c. centimetres — when W is expressed in ergs 
and V in electrostatic units of potential. To obtain C in practical 
units — farads — W and V must be expressed in practical units — 
i.e. joules or watt-seconds, and volts respectively. Now all practical 
electrical units are derived from the corresponding absolute electro- 
magnetic units : hence, in deriving the practical unit of capacitance 
from equation (21), we require the ratio between the electrostatic 
and electromagnetic units of energy and potential, as well as the 
ratio between the practical and electromagnetic units of these 
quantities. As both electrostatic; and elc^ctro magnetic systems of 
units are derived from the centimc;tre-gramme-sc;cond fundamc^ntal 
units, the unit of work is the same* (viz. the dyne-centimetre or erg) 
for both systems. But potential, or potential difference, is defined, 
in the electrostatic system, in terms of work and elcjctric charge — 
i.e. potential = work /charge — and in the electromagnetic system, 
in terms of the rate at which work is expended and current, i.e. 
potential difference = work /(time x current). 

According to these definitions the dimensions of potential in 
terms of length (L), mass (M), and time (T), and the electrostatic 
and electromagnetic constants jh, respectively, are 

M*L*T V * in the electrostatic system, 
and M‘UT in the electromagnetic system 

Whence the ratio of the dimensions is 

M*L*T-V* j 1 

MnJrV "" L ’ 

which, since fi and k are non-dimensional quantities, is the reciprocal 
of a velocity. The value of this velocity, deduced from measure- 
ments of the same quantity (e.g. current or E.M.F.) in electrostatic 
and electromagnetic units, is 3 X 10’*^ cm. per second. 
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Hence, as the ratio between magnitudes of tiie same kind but in 
different units, is in the inverse ratio of their dimensions, we have 

1 electrostatic unit of poUmtial ^ 3 X 10^" electromagnetic units of 

potential. 

Now 1 volt — 10** electromagnetic units of potential, 

~ 10“/ (3 X 10^“) — 1/300 of electrostatic unit of 
potential, 

and 1 joule = 10’ ergs. 

Therefore the quantities IT, V, in equation (21) must be divided 
by 10’ and (1/300) respectively, to obtain the capacitance in 
practical units. 

TT X . ^ 2H^/10’ 2W 

Hone., t |M) . y. ^ ^ ^ „„ 

Whence, 1 farad “ 9 X 10*' electrostatic units of capacitance. 

The farad, howcivcr, is too large a unit for commcu’cial purposes, 
and therefore the comm(‘reial unit is chosen equal to onci-millionth 
of a farad- i.(‘. a, microfarad — the symbol for which is ft here 
being tlie prefix d(‘notiT)g one inilliontli. 

Hence, 1/^F. = 10 «F. 

= 9 X 10” X 10 ® ~ 9 X 10^ electrostatic units. 

Capacitance of Isolated Spherical Conductor. Consid(.^r an insulated 
spherical conductor, of radixis rcm., surrounded by air and isolated 
from other conductors. AssumiJ the sphere to be originally un- 
charged, and let a charge Q be given to it. Tlu'n, j)rovid(‘d that the 
charge distributes itsedf uniformly over the surface, the ])ot(‘ntial 
becomes F ■“ Qjr, Whence chargc'/potcntial ~ QKQjr) ™ r : i.e. the 
capacitance of an isolated sphere is, in ele(dTostatic units, equal to 
its radius in cm 

Hence to obtain a capacitance of 1 /^F., the radius of the sphere 
must be 9 X lO** cm. or 9000 metres. 

Condenser. Th(j capacitance of a conductor depends on its size 
and geometrical form ; its position relative to other bodies in the 
electric field ; and the specific induclive capacity (see j). 58) of 
the surrounding insulating m(‘.dium. With conductors of the forms 
and dimensions commonly used in practice the capacitance of a 
single isolated conductor is extremely small. Hut the capacitance can 
be increased by bringing the boundary of the field nearer to the con- 
ductor, e.g. by placing a second (earthed) conductor near to the 
charged one. For example, if an insulated conducting sphere of 
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radius rcm. is surrounded by an earthed concentric conducting 
shell of radius cm., the potential of the sphere due to a charge Q 

r^Q /I 

becomes / capacitance is 

c = QIV = rrj(ri-r) r|l + (r/d)] 

— (r + d)rld 
~ r(r/(5), aj^proximately, 


where d = - r. Hence when d is small in comparison with r the 

capacitance will be very much greater than that of the isolated 
sphere. 

Under these conditions it is possible to obtain large charges on 
the conductors with only a moderate potential difference between 
them. Such a system of two conductors, insulated from each other 
and having large surfaces a small distance apart, is called a 
condenser. 

In all practical forms of condensers the conductors (called the 
plates of the condenser) consist of sheets of metal foil separated by 
a thin insulating medium called the dielectric. Alternate plates are 
electrically connected together, so that, by employing a largo number 
of plates, it is possible to obtain the equivalent of a large surface 
area although the area of the individual plates may be relatively 
small. The plates are so close together that they always receive 
equal and opposite charges, and the latter are unaffected by the 
presence of neighbouring charged or uncharged conductors. In 
such cases the numerical value of the charge on either plate, when 
the potential difference between them is unity, is called the capacit- 
ance of the condenser. [Formerly the term capacity was used.] 

Practical Uses of Condensers. Condensers, in virtue of their 
property of storing electrical energy, have a number of practical 
uses : for example, the stored energy, when discharged under 
suitable conditions, may be utilized to set up electrical oscillations, 
the energy being radiated in the form of electric waves — as in 
radio-telegraphy and telephony — or again, the stored energy may 
be used to alter, or modify, the characteristics of electric circuits, 
as discussed in Chapter VI, Condensers are used extensively in 
telephony: they also form an essential part of electrical ignition 
systems for internal-combustion engines. A further use is for the 
protection of electric circuits against high-voltage, high-frequency, 
surges. 

Calculation of Capacitance of Condensers. General. In calculating 
the capacitance of a condenser, or a system of conductors, we first 
obtain an expression for the potential of the conductors, or plates, 
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of the condt^nser due to a given charge. The potential is usually 
calculated from the isummation of the work done on a unit charge 
when mov('.d from one conductor to the other, and this requires a 
knowledge of the magnitude and direc^tion of the electric field at all 
points in the space between the conductors. With the potential 
known, the capacitance follows directly from the ratio of potential 
to charge. 

Capacitance of Parallel Plate Condenser. Let A denote the area 
(in square cm.) of each plate and d the distance (in cm.) between the 
plates. Then if 6 is small in comparison with A , the t‘lectric field 



(«) ( 6 ) 


Fiu. 24. Pkutainin<3 to Tiikohy of Parallel Plate Condenser 


between the plates due to (diarges -f- Q, - (?, will be uniform and 
normal to their surfaces. Near the edges of the plates, however, 
the field is not uniform owing to the “ frhiging ” of the lines of force 
(see Fig. 24a). Neglecting fringing effects, the electric force at any 
point in the air space between the plates is equal to 47ra dynes, 
where a Q I A) is the surface density of the charges on the plates. 

Hence the work done in carrying unit charge from one plate to the 
other is equal to ^irad = ^ndQ/A ergs, which represents the potential 
difference between the plates. Therefore the capacitance is given by 

C = QK^TrdQjA) -- A l^nd electrostatic units . . (22) 

= A l{4md X 9 X 10^) = ^ /(d X 1 13 X 10^) microfarads . (22a) 

Notk. — I f the dielectric is not air but a material having a 
dielectric constant equal to k, the capacitance will be k times that 
given by the above equations. 


Example. Tho plates of a parallel -pi at e condenser art^ each 30 cm. x 25 cm., 
and the dielectric is a sheet of paraflined pajuT 0‘015cm. thicik, for which 
the dielectric constant is 3. Assmning the plates to be in intimate contact 
with the dielectric, the caiiacitonce of the condenser is 
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Multiple-plate Condenser, if two additional plates, and sheets 
of dielectric, are added, and alternate plates are connected together, 
as shown in Fig. 246, the effective area of each “ plate ” of the 
condenser will now be 3 X 30 X 25 = 2250 cm. as both sides 
of the intermediate plates B, (7, Fig. 246, are effective, but only 
one side of the end plates A, Dy is effective. Hence the capacitance 
will now be three times that due to a single pair of plates. 
Similarly, if two more plates and dielectric are added, the capacitance 
will be five times that due to a single pair of plates. In general, 
if n is the number of pairs of similar plates in a multiy)le-plate 
condenser, and C is the capacitance due to a single pair of plates, 
the capacitance of the condenser = {2n - 1) C. 

Hence to obtain a capacitance of 1//.F. with plates 30 cm. X 25 cm. 
and a dielectric of paraffined paper 0*015 cm. thick, the number of 
pairs of plates is 

Capacitance of Cylindrical Condensers, or Concentric Cylinders. 

Assume the cylinders to be of indefinite length and let r radius, in 
cm., of surface of inner cylinder and = radius, in cm., of the 
internal surface of the coaxial surrounding cylinder (see Fig. 25a). 
P’urther, let the charge pe^r cm. hmgth of the inner cylinder be -|- Qy 
and let the outer cylinder be earthed. Then the electrics force in the 
air space between the cylinders is normal to tludr surfa.(^es and act« 
radially outwards from the inner cylinder. In the case of long (cylin- 
ders and an air dielectric the force at any point, F, in this space, 
distant x from the common axis, is equal to Itt X density of electric 
field at that point ; i.c. electric force ^ 477^/2™ - 2Q/x dynes. 
Therefore, work done in moving unit positive charge from outer 
to inner cylinder 

ri 20 ’’1 r, 

— / —dx^2Q [logj. x] =2Q logj - ergs. 

Jj. ^ r ~ 

which is equal to the potential difference between the cylinders. 

Whence the capacitance per cm. length of the cylinders is 

— --electrostatic units .... (23) 

2 loge {rjr) 


1 

41 -4 X 10® log,o (r,/r) 


microfarads . 


. (23o) 
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If (r^-r) = 5, equation (23) becomes 

r ^ 

2 log, (1 + dir) 

Now log^ (1 -f djr) may bo represented by tlie series 

log, (1 + djr) = djr - \(dlrf l(djrY - J(<5/r)4 + . . . . 

and when dfr is small, the second and following terms may, for a 
first approximation, b(^ negl(Mited. 



Lead Sheath 

Impregnated 
Paper 
Insulation 

Conductors 


i(>j 

Fig. 25. (a) Fkktaining to Thkorv of CoMiuoNTior Ovj.ii^niiro 

CoNDKNSTJU. (6) CFtOSS SECTION OF ( ^ONCENTRIC CaHLE 



Hence when d is small in comparison with r, the capacitance of 
the conci’iitric cylinders will be given by 

^ 1 r 27rr A 

^ 26 jr 26 47T() 47r5 

where A is the surface of th(^ inner cylinder ptT cm. of its length. 
Thus in this s])ecial (.’asfi the capacitance is approximately equal to 
that of a parallel -plate condensi;r of the same equivalent surface. 

Applications of Cylindric Condensers and Conductors. Condensers 
formed of concentric cylinders with air dielectrii! are occasionally 
employed as standards of capacitance in electrical measurements, 
but this form of condenser is not used commercially. 

Concentric conductors of the form shown in Fig. 256 have, how- 
ever, a large practical application as distributing mains in single- 
phase alternating-current systems, as, with this arrangement of 
conductors, no inductive effects are produced by the alternations 
of the current; moreover, such cables cannot produce external 
magnetic fields. 

Concentric cables, however, may possess an appreciable capaci- 
tance, which may be calculated by means of equation (23a). Since in 
practice we usually require the capacitance per 1000 yd., or per mile. 
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equation (23a) is modified so as to give the capacitance for these 
lengths instead of unit (cm.) length. Thus 


1000 X 36 X 2-54 X s: 
41 -’4 X 10® logio(ri/r) 


—j—. u¥. per 1000 yd. (236) 


1760 X 36 X 2-54 X /c 0-039 X /c ^ 
“ "41-4 X 10® logio(»-i/r) ^ ■ logio(ri/r) ^ 


. (23c) 


Example. The inner conductor of ti concentric calile, designed for a working 

presKui’o of 2200 volts, consists of 



yl Neutm! Plane 

r.t 



37 strands of 0*064 in. wire, the 
overall diameter being 0*45 in. The 
insulation consists of impregnated 
paper of a radial thickness of 0*12 in. 
The outer conductor consists of a 
singe layer of 29 wires, laid over the 
insulation. 

[ Note. — In practice, the outer con- 
ductor of a conceintric cable is eartlied 
at the generating station.] 

The capacitance of the cable is ob- 
tained l>y substituting in equations 
(236), (23c). The ratio (rj/r) (0*225 + 0*l2)/0*225 = 1*533 and logj^ 1*533 
— 0*1855. Hence, assuming the tlielectric constant of the impregnated 
paper to bo 3*2, wo have 

C (0*022 X 3*2)/0*1855 - 0*38 /iK. per 1000 yd. 

-- (0*0388 X 3*2)/0*1855 - 0*67 /iF. per mile. 


Fio. 26. Pertaimino to Theory of 
Parallel Oylindrio Condenser 


Capacitance ol Parallel Cylinders. Consider two long, straight, 
and parallel conductors surrounded by air and removt'd from other 
conductors. Let r cm. be the radius of each conductor, D cm. the 
distance between the axes of the conductors, + Qt - Q the charges 
per cm. length. Then, assuming r to be small in comparison with i>, 
the charges may be considered to be concentrated at the axes of the 
cylinders. Hence the force acting on unit charge at a point 1\ 
distant x cm. from the axis of one cylinder. Fig. 26, is 


^ttQ 2Q 

2 ttx 2 tt\D-x) X 


2Q 

^dyuoB. 


This force is a minimum in the neutral plane YY, which bisects 
per|3endicularly, the plane containing the axes of the conductors. 

Therefore the work done in moving unit charge from the neutral 
plane to the surface of one conductor is equal to 


dx + ^ d*) = 2g [log, - log, (D - *) jy 


D-r 

= 2g log, — ergs 
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and the total work done when unit charge is moved from one 
conductor to the other is 


^ ~y~ = ^ (7- 1 jergs, 

which is equal to the potential difference between the conductors, 
Hence the capacitance per cm. length of the conductors is 
1 


C = 


4 log,, \ (Dir) - 1 ( 

1 

"82-8 X 10Mogio|(D/r)-l| 
and the capacitance per mile is 
00195 


electrostatic units 

microfarads 


C = 


logiolWO-1} 


microfarads 


. (24) 
, (24a) 

. (245) 


If the distance apart of the conductors is not large in comparison 
with their radii, the charges cannot be assumed to be concentrated 
at the axes of the conductors. The charges may, however, be 
considered to ho (Kmcentrated along axes M^y l^ig- 26, which are 
contained by the plane containing the axes of the conductors and are 
a distance ^ (D^ - Ar^) apart. In this case the capacitance per cm. 
length is given by 


C = 


1 


82-8 X 10^^ logi, 


1) + ^(D^ - 4r2) 
2r" 


microfarads 


(24c) 


Examples, {a) Two conductors, oach 0-.5 in. in <liiimeior, are strotclied 
horizontally in space with their ax»w j)arallel ami 2 ft. apart. 

The capacitance per 1000 yd. of the system is given witli sutticient accuracy 

i>y 

C - . : microfarads 


0-011 

log;,(24/0-25) 


0-011 

1-0823 


0-0056 /iV, 


(6) Two conductors, each 1 in. in diameter, are supported horizontally in 
space vdth their axes parallel and 4 in. apart. / 

The capacitance per 1000 yd. of the sj^stem is now given by 


C 


0-011 

logio[{'-t>Vv'Ti9*^-r«)}/2r] 


microfarads 


0-011 0-011 


0-01238 ,iF. 
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Dielectric Constant (Specific Inductive Capacity). The effect of an 
insulating medium other than air between the plates of a condenser 
invariably loads to an increase in the capacitance of the condenser. 
The ratio of the capacitance of a given condenser, with a given sub- 
stance as dielectric, to the capacitance of the same condenser with 
air as dielectric, is called the specific vnduciive capacity, or the dielectric 
ccmstant, of the substance, and is denoted by /c. With ordinary 
gases K differs little from unity, but with solids and liquids k exceeds 
unity. Approximate values of k for a number of dielectrics are 


Air [0° C. 760 mm. Hg.] 

1-000 

Paper, manilla (dry) 

1-95 

Glass, heavy flint 

9-9 

„ oil impregnated 

3*4 to 

„ light flint 

6-6 


3*6 

,, hard crown 

6-9 

„ paraffin waxed 

3*0 

Gutta-jiorcha 

2-8 

Paraffin wax 

2-36 

Mica 

8-0 

Rubber, pure jiara 

2-6 

Oil, linsoed 

3-35 

„ vulcanized 

2-72 

„ ])otroleum 

2-13 

„ hard (ebonite) 

3-15 

„ rape seed 

2-85 

Sulphur 

4-2 

,, turpentine 

2-23 

Vacuum 

0-99941 


Notea , — Tho abovo valuos aro basful i>rincipully upon tost results obtained 
by employing alternating electric forces, the fn^quency Ijeiug approximately 
1000 cycles per 8econ<l and the temperature about 15 -20‘^C. With certain 
substances, e.g. rubber, gutta-percha, the values of k given above may differ 
appreciably from those obtained with steady electric force, but witli other 
substances k varies only slightly with fn^quency. Jn general k i^ smaller for 
alternating than for steady ehsctric forctis. 

Hygroscopic substances sliow large variations of k according to the quantity 
of moisture present. With these substances the variation of k due to 
frequency and temperature increases with iiKjriuise of moisture. 

With solid ditilectncs the variation of k with temjieratuni is usually small. 
In general, an increase of temperature results in a decrease in /c, e.g. the 
dielectric constant of paraflin wax decrea.ses ()'03() per cent per 1 ° C. over 
a range of 1 1-32° C., but those of ebonite and sulphur increa.se about 0*1 per 
cent per 1 ° C. rise of tempcratui-e over a range of 10-20° C. 

When a conductor is surrounded by a dielectric other than air, 
the electric force at a given point in the dielectric, due to a given 
charge, is l//c of that at the same point when the conductor is 
surrounded by air, the charge and other conditions remaining 
unaltered. Hence the potential in the former case will be 1 Jk of 
that in the latter case. 

(Commercial Forms of Condensers. When condensers of fixed 
capacitance are required for commercial purj)oses the parallel -plate 
form is generally adopted. The manufacture of these condensers 
for telephone, radio, and power purposes is carried out by employing 
continuous sheets of aluminium foil for the “plates” and winding 
these in a roll together with two or more sheets of thin interleaving 
paper. The winding is done on specially designed reeling machines, 



CAPACITANCE AND CONDENSERS 


59 


and during the process narrow strips of foil are inserted at intervals 
across the “plates,” these strips being ultimately connected to the 
terminals of the condenser. 

When the requisite length of foil has been wound, the roll is 
removed from the machine ; it is then dried in vacuo to remove 
moisture and occluded air, impregnated either with })araffin wax or 
a viscous mineral oil, and finally sealed hermetically in a metal case. 

Condensers of this type are called 'paper condensers and are used 
in large numbers for telephone, radio, and power circuits. For 
telephone and low- voltage radio circuits the wax-impregnated form 
is employed, but for power circuits the oil-impregnated form is 
employed and the oil-impregnated rolls are immersed in a light 
“filling ” oil which acts both as a sealing as w^ell as a cooling medium. 
Tn the latter case the rolls are w'ound to have a capacitance between 
about 2*rYiF. (for a working voltage of 220 V.) and 0-5 //F. (for a 
working voltage of 900 V.), and the requisite number of rolls are 
conjie(*tcd in jjarallel to obtain the required capacitatice. Thus a 
1000-/(F. condens(;r for a j)()wer circuit may consist of from about 
500 to 2000 individual condensers according to the w'orking voltage. 

CVaidensers for extra -high-voltage circ/aits niay have a dielectric of 
mi<*a, glass or oil-im])regnated paper. Extra-high -voltage condensers 
with oil -impregnated naper dielectric are a recent development, and 
such condensers are less costly than mica-dielectric condensers of 
similar rating. For radio frequencies, however, condensers wit h mica 
dielec'tric are preftTred on account of their low dielectric losses. 

Electrolytic condensers are not lused on A.C. circ-uits because the 
oxide film wdiich forms the dielectric possesses insulating properties 
only Avheri the electrode on whi(di the film is formed is connected 
to the positive pole of the circuit. 

Standard coiKhmscrs for laboratory purposes have either mica or 
air dielectric, air being employed when a condens(^r without dielectric 
losses and dielectric absorption is required. 

Variable-capacitance condensers, with continuous adjustment of 
capacitance betw^een definite limits, are of the multiple -plate type, 
with either air or oil dielectric. One “ plate ” consists of a fixed 
stack of thin aluminium, or brass, vanes spaced uniformly a small 
distance apart and electrically connected together ; the other 
“ plate ” consists of a similar set of vanes mounted on a spindle 
and so arranged that they can be rotated in the spacers between the 
fixed vanes so as to present to the latter a variable surface. 

Charging Current of a Condenser. Assume the dielectric to be 
a perfect non-conductor and let the condenser receive a charge q 
during the time t. Then the mean rate of charge during this 
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interval is qjt, and is (;alled the charging current. To obtain the 
instantaneous value of this current i must be taken infinitely 
small, i.c. dt. Then if the corresponding charge which accumulates 
on the i)lat(^s of the condenser is dg, the instantaneous charging 
currcmt (i) is equal to dqldt. Hence if C is the capacitance of the 
condenser and e the potential difference between the plates when 
the charge is g, 

dq = Cde, 

whence i = Cdejdt. 

Thus the charging current is directly proportional to the rate of 
change of the potential difference at the plates of the condenser. 

If the applied potential difference varies sinusoidally, and is 
given by c = E^^ sin ot, then the current will be given by 

= (oGEfn cos cot 

= o)CE^ sin {(ot + ^tt) . . . (25) 

Thus the current varies sinusoidally with the same frt^quency as 
the applied E.M.F., but leads the latter by 90®. 

The maximum value of the current is 

.. coCE^ 

and the R.M.S. value is 

/ = coCE = 2TTfCE 

Thus the charging current is directly proportional to the frequency 
and the impressed E.M.F. For example, the charging current of 
a 1/^ F. condenser connected to a 100 V., 50-eycle, circuit is 

I - 27r X 50 X 1 X 10-6 X 100 =- 0 0314 A. 

For the same condemser connected to a 100 V., 25-cycle circuit 
the charging current is • 

1 = 277 X 25 X 1 X 10 6 X 100 == 0*0157 A. 

and when it is connected to a 600 V., 50-cycle, circuit the charging 
current is 

/= 277 X 50 X 1 X 10-6 X 600 = 0*1884 A. 

The ratio Ejl = XjoC is called the reactance of the condenser, 
and is expressed in ohms. As the term reactance is employed in 
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connection with inductive circuits, it is necessary to distinguish 
between reactance due to inductance and that due to capacitance. 
Tile former is usually called “ inductive reactance,” and the latter 
“ capacitive reactance.” 

The reactance of a condenser of given capacitance is therefore 
inversely proportional to the frequency. Hence a condenser of 
relatively small capacitance may have an extremely low reactance at 
exceptionally high frequencies, such as those of lightning discharges. 
This property of condensers is utilized in practice for protecting 
apparatus from high-voltage, high-frequency, surges ; a condenser 
being connected across the circuit, or between the circuit and earth, 
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so that the high-frequency surge may discharge through the con- 
denser. The dielectric of the condenser, however, must be capable 
of withstanding high voltage. 

A graj>hic(il representation of the conditions express(‘d in equation 
(25) is shown in Fig. 27, in which the sine curve E rcxireseiits the 
impressed E.M.F., and the sine curve /, 90° in advance of E, 
represents the charging current, llie variation of the ehargi* with 
respect to time is showTi by the sine curve C, which is the integral 


of the current curve, since 


Q = J i,dt — J cos 0)1 dt — {Im!^^) 


0)1 == GE,n sin cot. 

A condenser connected to an alt(‘rnating supply is therefore 
charged and discharged periodically : it recinves'a charge during 
the first positive quarter-period of the E.M.F. , discharges during 
the next quarter-period, and is again chargejd and discharged 
successively during the following half-period. During charge 
the current decreases from its positive maximum value to zero, and 
during discharge the current rises from zero to its maximum value. 
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The energy stored in the (5ondenser during charging is given back 
to the circuit during discjharge, so that there is a continual trans- 
ference, or surge, of energy to and from the condenser. In practice, 
due to lossi^s in the dielectric, the energy given back to the circuit 
during discharge is always slightly less than that stored in the 
condenser during charge. This, however, is not the case when 
the dielectric is dry air. 

Relation Between Current and E.M.F. for Circuits Containing 
Capacitance and Resistance in Series. Let the current in the circuit 
be represented by i = I ^ sin att. Also let e^, eg, denote, at any 
instant, /, the intc^nial E.M.Fs. due to (1) the current passing 
through the resistance, and (2) the charging of the condenser. 
Then if R is the resistance of the circuit and G is the capacitance 
of the cond(inser 

- Ri sin oA 

Cg - (1 /C) f i.dt — - Jfihi wt.dt = -{-(J„J(joC) cos cot 

The total inb'rnal E.M.F. acting in the circuit at this instant is 
therefon* ecpial to eg), and must balance the imiiresstnl p].M..F. 

(e). Hence 


e = - (e^ 1 Cg) -- Rl^^ sin fol - {I ^J(oC) vos o)t 

JmV \ + (1 hC)^\ I ~ 

l/f«(7 ) 

== sin (o)t-(p) ~ E^sin {cot-cp) 

where tan w - — ^ 

R wCR 

Thus the impn^ssc^d E.M.F. is sinusoidal and lags behind the 
current by the angle cp. 

Conversely, if a sinusoidal E.M.F., represented by the equation 
c = sin cot, be applied to the (jircuit, the current, when the 
steady, or cyclic, state is reached will be given by 

» + . . . . ( 26 ) 



CAPACITANCE AND CONDENSERS 


63 


The maximum value of the current is 
I 

"* ^/\E^-\-(lj<aC)^\ 

and the R.M.S. value of the current is 

/= ^ 

^\R^+(\iu>Cf\ 

Hence the impedance of tli(i (urciiit is given by 

z = y/\R^ -\~ (\jo>C)^\ 


The vector diagram f(3r this cjinmit is shown in Fig. 28, in which 
OE represents th(^ impressc^d E.M.F. and 
01 the current. The vector OE may b(‘ 
resolved into two eomi>oiients : one, OA^ 
in x>hasc^ with the current vcH^tor, and the 
other, OBy perpendicular to the current 
vector. OA tlu*rii‘ore represc'nts the (com- 
ponent of the impressed E.M.F. which is 
exp(‘nd('d against the resistamce of the circuit, 
and OB th(c potential difference at the 
terminals of the condenser. OA = HI; 

OB - AE - I/ojC ; OE - W[l{^ | (1 /wCy]. 

Hence OA : AE : OE - B : l/(uO : + (l/rof;)^]. 

trianglic OEA is the impe'dancM* triangle for the (circuit. 





Fkj. 28. Ve(7Tor Dia- 
gram FOR OllU’TJIT 
Containing Hrsls- 

TANCF. ANT) CAPACI- 
TANCE TN Series 


l^hc^refoni 


Relation Between Current and E.M.F. for a Series Circuit Con- 
taining Resistance, Inductance, and Capacitance. L(>.t tlio current 
in the circuit be represented by the equation i — sin a)t. Tlien 
if the resistancH^, indu(*.tanc(‘, and capa(atan(;(^ are denott^d by 
R, 7>, C respectiv(‘ly , the e(piation to the impressed .M.F. is given by 


e RIjn »in o)t h (oLI^ cos mt - (I^jioC) cos oA 
— I R sin (ot -f (coL - 1 l(oC) cos (ot\ 


whi(ih, wlum siinplifi('d by the methiRl givtm on p. 44, becomes 

e — E^^^m(wt {q)) 

wlu^re tan 9 :j = [wL - (\jo)C) \jR. 

Conversely, if a sinusoidal E.M.F. — represented by the equation 
e == sin cot — be applied to th(? circuit, thc^ current, when the 
steady, or cyclic, state is reached, wall be givcm by 

E 

* = V R^+ [<oL- (1/toC)]*} ~ • 


(27) 
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The maximum value of the i*nrrent is 

7 = ^ 

and the R.M.S. value of the current is 


^ [«i'- a/o)C)pi 



Fig. 21). Vkctou Diaobams fob a Series Cibcuit Containing 
Resistance, Inductance, and CArAciTANCE; 


(a) toL>\lcoC, {b)a)L - l/coC. (c) coL < 1/ojO 


Hence the impedance of the circuit is given by 

z = ^/\B^+[<oL-(l|(oC)f\ 

and the effective reactance by 

X == coL- (l/coG) 

== inductive reactance - capacitive reactance. 

The phase difference, 97, between current and E.M.F. may be 
lagging, zero, or leading, according to whether co Z/> -- <l/cuC', 
For example, when a)L >\ 1 /coC* the current is lagging with respect 
to the impressed E.M.F., but when coL < IjcoC the current leads 
the impressed E.M.F. 

The vector diagrams for these cases are shown in Fig 29, diagram 
(a) referring to the case when a)L> 1 jeoG and q? is positive ; (6) refer- 
ring to the case when coL = l/coC and cp is zero ; (c) referring to the 
case when cdL<IIcoC and <p is negative. In these diagrams the 
current vector, 0/, is taken as the vector of reference, and the 
impressed E.M.F. is represented by OE, The component OA, which 
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is in phase with the current vector, represents the E.M.F. ex- 
pended against the resistance of the circuit. The component OB, 
which leads the current vector by 90°, represents the E.M.F. which 
balances the E.M.F. of self-induction. The resultant, OC, of OA 
and OB represents the poUmtial difference across the resistance and 
inductance ; the angle AOC being the phase difference between 
this potential difference and the current. The potential difference 
between the terminals of the condenser is represented by OD, 
which lags 90° with respect to the current vector. Obviously, the 
vector sum of OC and OD must equal the impressed E.M.F. OE. 
The component, OF, which is perpendicular to the current vector is 
equal to the vector difference of OB and 02). Now OA : 0F(— AE) : 
OE = RI : I(a}L - 1/mO) : - ^l(oC)^ = B : 

(coL - 1 IcdC) ; \/| {coL - 1 jojC)^^ . Therefore triangle OFE is 
the impedance triangle for the circuit. Observe that when (joL> 1 jeoC 
the effective reactance of the circuit is positive and the current is 
lagging, but when cdL <co 1 /O the effective reactance is negative and 
the current is leading. 

In the special case when coL = 1 /(oC, the current is in phase 
with the impressed E.M.F. and is equal to E/R, The circuit is 
therefore equivalent, so far as its impedance is concerned, to a 
non inductive circuit of resistance R, and is said to be in a condition 
of resonance. Under these conditions the voltages across the 
condenser and inductance may each be much greater than the 
impressed E.M.F. (see examples in Chap. VI). 


6--n,5245) 



CHAPTER V 

POWER IN ALTERNATING-CUBRENT CIRCUITS 

Instantaneous Power in an Alternating-current Circuit. In an 

alternating' current circuit the power (p) at any instant is equal 
to the product of the instantaneous values of current and E.M.F. 
Thus p = ei. 

Since current and E.M.F. vary with respect to time, the power 
will also vary from instant to instant, and may be positive, negative, 
or zero according to the signs and magnitudes of current and E.M.F. 
If, at a given instant, the current and E.M.F. have the same sign, 
the power is positive — vindicating that power is being supplied to 
the circuit — but if these quantities have opposite signs the power 
is negative — indicating that power is being returned from the 
circuit to the generator — while if either, or both, of the quantities 
are zero, the power is zero 

Graphical Representation. In the general case of sinusoidal 
current and E.M.F. differing in phase, the power has four zero 
values for each cycle of the current, or E.M.F., and the direction 
of the power reverses four times in each cycle, as shown graphically 
in Fig. 30, in which the curves E, J, represent the impressed E.M.F. 
and current respectively, and curve P represents the power. The 
shaded areas in this diagram represent energy ; areas above the 
abscissa axis denote that energy is being supplied to the circuit, 
and those below the axis denote that energy is being returned from 
the circuit. For each cycle the difference betwi^en the areas above 
and below the abscissa axis represents tlK*. energy expended in the 
circuit, either in doing useful work or supplying losses. 

Two special cases of the general case (Fig. 30) are of importance, 
viz. (1) when th{^ phase difference between current and E.M.F. 
is zero, (2) when it is 90°. These cases are represented graphically 
in Figs 31 and 32. In the case represented in Fig. 31 — where the 
current and E.M.F. are iii phase — the power pulsates between zero 
and a definite maximum value, but does not change sign throughout 
the cycle. Hence in this case power is transmitted always in one 
direction, viz. from generator to circuit. 

In the cases represented in Fig. 32 — in which E.M.F. and current 
have a phase difference of 90°, this being lagging in one case, 
Fig. 32a, and leading in the other, Fig. 326 — the power curve (P) 
alternates at twice the frequency of the current or E.M.F. Hence 
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for each half -cycle of current, or E.M.F., there are two alternations 
of power. Therefore during this interval a certain amount of 
energy is supplied to the circuit and an equal amount is returned to 



Fig. 30. E.M.F., Current and Power 
IN Circuit Containing Resistance 
AND Inductance 



Fin. 31. E.M.F., Current and 
Power in Non-inductive 
Circuit 


the generator. Thus, although energy is continually surging 
between generator and circuit, no energy is actually expended in 
the latter. 

During the time that the current and E.M.F. have the same sign 
ent'rgy is stored in the circuit — in either the electrostatic or the 



Fig. 32. E.M.F., Current and Power in Purely Reactive Circuits 

electromagnetic form, according to whether the circuit is purely 
capacitive or inductive — and this energy is returned to the generator 
during the time that the current and E.M.F. have opposite signs. 

Components o£ Power Curve. The power curve (P, Fig. 33) for 
the general case of a circuit containing resistance, inductance and 
capacitance may be resolved into components representing the 
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power in the several parts of the circuit. To separate out these 
components it is necessary to determine the curves for the potential 
differences across the several parts of the circuit. Now the potential 
difference across the resistance is in phase with the current ; that 
across the inductance leads the current by 90®, and that across 
the condenser lags 90® with respect to the current. The curves for 
these quantities, together with those for the impressed E.M.F. and 



Fig. 33. E.M.F., CiJUttiuNT and Powkh in Circuit Containing 
llEsrsTANCK, Inductance, and Capacitance 

(Capacitive roactaneo > inductive reactance) 


current, are shown in Fig. 33 ; curves Ey I, denoting the impressed 
E.M F. and current, resptictively, and (nirves E^^y Ej^y E^.y denoting 
the components of the impressed E.M.F. which are expended against 
resistance, inductance, and capacitance respectively. The instan- 
taneous power in the several parts of the circuit is given by the 
product of the current -and the appropriate E.M.F. curve. The 
power component curves so obtained are marked P^, P^, Pj.. Pr 
therefore represents the power expended in supplying the losses 
in the resistance ; P^, Pb» represent the power supplied to the 
inductive and capacitive portions, respectively, of the circuit. The 
difference between the curves Pj,, Pm, represents the component of 
the power which surges between the generator and the circuit. 

Analytical Expressions for Instantaneous Power and Power Com- 
ponents. Let the equation to the impressed E.M.F. be e = .B^sin a)<, 
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and that to the current be i = sin ((ot - <p). Then the instan- 
taneous power is given by 

p ei = E^I^ sin cDt , sin {cot - (p) . . . . (28) 

This is the equation to the power curve P, Fig. 30. The equation 
to the power curve (P, Fig. 33) for the case when the current is 
leading the impressed E.M.F. is p = E^I^ sin cot sin (cot + (p). 

In a general series circuit containing resistance, inductance and 
capacitance the equations to the components of the impressed 
E.M.F. for the several portions of the circuit are 

Cr = Ri = RI„^ sin {cot -tp) 

€j^ — L dijdt = (oLI^ cos {cot - 9?) 

Bq = (1/(7) J i.dt = - {I^JcoC) cos {cot - <p) 

The components of the power for the several parts of the circuit 
are therefore, 

Pr = ie^ = RI^^^^{wt-(p) = 1 1 - cos 2 {cot - (p) | 

= iP/^2 1 1 ^ sm[2(m( -(p)-in] 

Pm == {cot -cp) cos {cot -(p) 

= \<joLI,n^ sin 2(ft>^ - <p) 

Pb = ie^^ = - {I^^jcoC) sin {cot-fp) cos {cot - (p) 

= - J {I^^jcoC) sin 2{coi - cp). 

The first expression represents a pulsating quantity ; the second 
and third expressions represent alternating quantities of a frequency 
twice that of the current. The resultant of the two alternating 
quantities pj,, p^, is, except in the special case when p^ ~ p®, 
another alternating quantity, viz. — 

Px = Pm + Pe 

= - (1 2(cui -cp). 

Hence in the general case the instantaneous power consists of 
a pulsating component equal to 

p^ = i?/,„2sin2(co«-9p) = \RIJ^\ \ + sin[2(<u( - 9?) - i7r]j (29) 
and a double-frequency alternating component equal to 

Px = \Im^\coL- {\lcoC)\s\n2{cot-(p) . . . (30) 

The pulsating component is in phase with the current, i.e. its 
zero and maximum values occur at the same instants as the corre- 
sponding values of the current. The double-frequency alternating 
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component is symmetrical with respect to the current wave, i.e. 
the three zero values corresponding to one cycle of the former 
coincide with the two zero and maximum values for one half-cycJe 
of the current. 

Equation to Power Curve. This equation may be obtained from 
equations (29) and (30), since p = Pu + if is best obtained 

by expanding equation (28). Thus 

p = sin (ot . sin {cot -tp) 

~ E,nlm X i \ ^'OS[cot - {(JOt-q>)]- COS \coi + (0)^ - 9?) ] I 

= \E^I^ I cos (f - cos {2oot -(p)\ 

== cos (p + lE^I^ sin [2a)t - (Jtt + 9 ?) ] . (31 ) 



Fig. 34. Gbaphioal REPKESENTATroN op Equation to Power Curve 

OP Fig. 30 

The first term represents a constant quantity of value ^ ^i7„j/,,jCOS (p ; 
the second term represents a sinusoidal quantity of maximum value 
and of twice the frequency of the current or E.M.F., 
lagging {\7i + 99 ) with respect to a reference quantity A sin 2a>^. 

Hence the power curve (P, Fig. 30) may be represented by a 
double-frequency sine curve — of maximum value \E^J^ and 
displaced (Jjt + 93 ) with respect to the time -angle zero — super- 
imposed upon a horizontal axis at a distance \E^I^ cos 99 above 
the abscissa axis, as shown in Fig. 34. When 99 = 0 , the axis of 
the double -frequency curve is at a distance \E^I^ above the abscissa 
axis, and since the maximum value of this curve is it does 

not, therefore, cross the abscissa axis. Hence we have the con- 
ditions shown in Fig. 31. When 99 = Jtt, cos 99 = 0 , and the axis 
of the double -frequency curve coincides with the abscissa axis. 
We then have the conditions shown in Fig. 32. 

Mean, or True, Power. The mean, or true, power in an alternating 
current circuit is defined as the algebraic mean of the instantaneous 
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values of the power taken over a period. In the general case, when 
the instantaneous power is given by 

P = cos (p + iE^I^ sin [2a)t ^ (Jtt + (p)l 

the mean power is 

^ (32) 

since the mean value of the doublo-frequenc;y term, taken over a 
period, is zero. 

Substituting R.M.S. values for current and E.M.F., we have 

P = J(\/2^ . Y^2/) cos 95 

= El COB (p (32a) 

Therefore, the mean power in an alternatmg -current circuit is given 
by the product of the impressed E.M.F. and the component of the 
current which is in phase with the impressed E.M.F, 

Apparent Power or Volt-amperes. The product E I may be called 
the a2)parent power, but in practice the term volt-amperes (abbre- 
viated VA.) is employed. Similarly EIIIOOO is called kilo-volt- 
amperes (abbreviated kVA.). This quantity is important in the 
rating of all A.C. machines and transformers as the temperature rise 
depends upon kVA. rather than kW. Again the rating of cables 
and switchgear for a given circuit voltage depends upon the current, 
and therefore in these cases also kVA., rather than kW., must be 
considered. 

Power Factor. The term cos 9^, in the expression for power, is 
called the “ power factor ” of the circuit, as it is the factor by 
which the apparent power must be multiplied to obtain the true 
power. 

In the case of a non-inductive circuit, 9? 0, cos 9? = 1, and the 

power factor is unity. The true power is then given by the product 
of the impressed E.M.F. and current. 

In the case of circuits containing pure inductance or capacitance, 
(p = 90°, cos 9? = 0, and the power factor is zero. 

Reactive Volt-amperes. The product of the injpressed E.M.F. 
and the component of the current which is perpendicular to it, 
i.e. the product El sin 9?, is called the reactive volt-amperes (abbre- 
viated VAr.). Similarly (AV/1000) sin 97 is called reactive kilo-volt- 
amperes (abbreviated kVAr.). It represents the component of the 
volt-amperes which surges between the generator and the circuit, 
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and vice versa, without doing work. In commercial circuits the 
reactive volt-amperes supplies the magnetic and electrostatic fields, 
and the true power {El cos tp) supplies the losses and performs useful, 
or mechanical, work. 

Measurement ot Power. The true power in any circuit may be 
measured either indirectly by measuring each of the quantities 
E, /, cos (p, separately by means of suitable instruments as discussed 
in Chapter XVI, or directly by means of a wattmeter (sec p. 374). 
The latter method is usually adopted in practice on account of its 
superior accuracy, but special precautions are necessary in order 
to obtain accurate readings at low power factors (see p. 3781. 

Power Component and Wattless Component of Current. In a 
circuit supplied at constant voltage the true power is proportional 
to I cos (p, and the reactive volt-amperes is proportional to I sin 97. 
Now 1 cos q> is the component of the current in phase with the im- 
pressed E.M.F., and / sin 99 is the component at right angles to the 
impressed E.M.F. The component I cos 9? is therefore called the 
“power component” or the “in-phase component” of the current, 
and I sin q> is called the “wattless component” (sometimes the 
terms “idle current,” “quadrature component,” and “reactive 
component” are employed). 

This method of resolving the current into power and wattless 
components is useful in the solution of problems and its applications 
are discussed in Chapter VI. The method is particularly useful in 
connection with parallel circuits. For example, if a number of 
circuits are connected in parallel and if 7^, 7,^, denotti respectively 
the sums of the power and wattless components of the currents 
in the several branch circuits, the total, or “ line,” current supplied 
to the circuits is given by 7 == the phase 

difference between the impressed E.M.F. and line current is given 
by (jp = tan-i (/„//,). 

Example. Three circuits A, 2 ?, (7, connect-od in parallel are supplied with 
power from 220 V. mains. Circuit A consists of a bank of incandescent lamps 
taking a current of 15 A. at unity power factor ; B consists of an inductive 
resistance taking a current of 20 A. at a power factor of 0*85 lagging ; C consists 
of an apparatus taking a current of 10 A. at a power factor of 0*95 leading. 
Determine the current and power supplied by the mains ; also the power 
factor. 

Let the currents in the several circuits be denoted by /j,, /(,, respec- 
tively, and the phase differences by 9 )^, 9 ?^,. Let the current in the 
mains be denoted by 7, and its phase (lifFerence with respect to the impressed 
E.M.F. by 9 ?. 

Then 7^—15 cos 97 ^ — 1*0 sin 97 ^ --- 0 

7b = 20 cos 9)3 — 0*85 sin 9 ?^ — - \/(l ” 0*86*) = ~ 0*28 

7o = 10 cos 9 ?^ = 0-95 sin (p^ = ^(1 - 0-96*) = 0-1 
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Resolving each current into its power and wattless components, we have 


Power or in-phase Wattless or quadrature 

components. components. 

1^ cos 95^ = 15 X I’O -- 15 sin = 15 X 0 0 

/fi 008 95jj = 20 X 0*85 = 17 sin 90^ = 20 X (- 0-28) = - 6-6 

Iq cos (p^ 10 X 0*95 9*5 1q mnip ^ = 10 x 0*1 = 1*0 

/ cos 9? = (15 + 17 -f- 9*6) = 41-5 7 sin (p - (- 5-6 + 1*0) - -4-0 

Hence I = ^[(I co^(p)^ + (7 sin 9?)®] =- V(41‘5^ + 4-6*) = 41*8 A. 
cos 93 ™ ( / 00893)// - 41'5/4l-8 =a 0*993 (lagging) 

P -= 220 X 41-8 X 0*993 -- 9130 watts 



CHAPTER VI 

SERIES AND PARALLEL CIRCUITS 

I. — Semes Cirouits 

Series Circuits of Constant Impedance. The impedance of a simple 
series circuit containing resistance and reactance is given by 

2 = ^/(R^ + 

and the phase difference between impressed E.M.F. and current is 
g) = tan'^(X/ii). 

In these equations X is the effective reactance of the circuit : it is 
equal to the algebraic difference between the inductive reactance 
(q)L) and the capacitive reactance (l/coC'), i.e. X = cdL- (l/coC). 

In the case of a complex series circuit, such as is represented in 
Fig. 36, the joint impedance is given by 

^ = V | (-^1 + -^2 + -^3 + • * •Y +(^^1 + ‘^ 2 ~ h ^3 * ( 33 ) 

where 7?j, iJj, , are the resistances of the several parts of the 

circuit, and X^, Xg, X, . . . , , are the effective reactances. The 
phase difference between impressed E.M.F. and current is given by 

(p = tan"^(Xi 4* ^2 4" + ^2 ^3 4" • •)» 

or by (p — cos"^(iii + iig + B3 + • O/^- 

These expressions follow directly from the vector diagram for 
the circuit. Thus, in Fig. 36 the current vector 01 is taken as th(^ 
vector of reference, and the potential differences across the several 
parts of the circuit are reprcjsented by the vectors OA, OB, OC. 
The geometric sum (OD) of these vectors represents the terminal 
voltage (E) of the circuit. From the diagram 

— (i?jC0S9?i + E^coHcp^ + E^cosq)^)^ -f {EisiiKpi + E^^irKp^ 

+ A>in 973)2 

= (IR, + IR, + IR,r 4- {IX, + IX, + 7X3)2, 

Whence, 

Z = E/I 

= V| (if, + if* + if*)* + {^1 + if* + X,)% 

and 

tan 9) = (X, 4" ^2 H" Xs)/(Rj 4- -^2 4- 

74 
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Observe that the joint impedance is equal to the geometric sum 
of the separate impedances. In symbolic notation 

Z = -{- Z.^ + . . . . . . . ( 34 ) 

= (^1 +jX,) + {R, +jX,) + (R, +jX,) 

= (R, + R^ + R,) +j(X, + + A3) 

Graphical Construction for Obtaining the Joint Impedance of a 
Series Circuit. The construction is similar to that of the E.M.F. 
vector diagram of Fig. 36 . In fact, by a suitable change of scale, 



Fig. 35 . Diagtiammatic liEniESEN- Fig. 36 . Vectoh Diagram for 

TATioN OF Complex Series Circcjit Circuit Represented in Fig. 35 


the diagram becomes an impedance diagram, the vector CD now 
reyiresenting the impend ance of the circuit. Instead of setting off 
the magnitudes Zy^ Z^, Z^ of the im})edance8 and their phase angles 
9?i, 9^3 j is usually more convenient to set off their rectangular 

co-ordiiial(%s — resistance as af)sciss8D, and effective reactance as 
ordinates. In this case th(i only calculations required are those for 
obtaining the reactances of the several parts of the circuit. 

Special Cases. When the reactance of the entire circuit is zero, 
the impedance becomes 

Z — Ry^ R2 R^ -|- . , . = Rf 
where R is the joint resistance, of the circuit. 

For circuits containing only reactance we have 
Z = Ai + A2 + A3 . . . — A, 
where A is the joint reactance of the circuit. 

Hence if a number of condensers of capacitances^ ( 7 ^, Oj, . . 
are connected in series, the joint reactance will be given by 

A = Ai + A2 + A3 + . . . 

_ 1 1 1 
(oCi ^ C0C2 ^ (0C2 
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Whence the joint capacitance is 

1 - J_ 1 1 

C* 6\ Cg C\ 

Thus the series connection of condensers gives a joint capacitance 
smaller than the lowest individual capacitance of the group. For 
example, if two condensers of 10 jliF. and 20 ^F. are connected in 
series the joint capacitance is 1 /(tV + ^\t) = ^*66 //F. 



Figs. 37, 3S. Cikciut and Vector Diagram fob Worked Example 

In the case of a circuit containing a number of condensers con- 
nected in series, the terminal potential diffenmce of the circuit is 
divided across the condensers in the inverse ratio of their capaci- 
tances and the potential difference across the smallest condenser may 
be very much higher than that across the largest condenser. For 
example, if condensers of 5 ^F. and 50 ^F. are connected in series 
across 200 V. mains, the jiotential difference across the 5 fiF. 
condenser will be {200 x 50/(5 + 50) } = 181-8 V., and that across 
the 50 //tF. condenser will be {200 x 5/(5 + 50) } = 18-2 V. 

Example. Determine, for the circuit shown in Fig. 37, (1) the joint 
impedance, (2) the current, (3) the phase difference between current and 
terminal E.M.F., (4) the potential differences across each part of the circuit. 
The circuit is supplied at a pressure of 1 10 V. and a frequency of 50 cycles 
per second. 

The total resistance = 15 + 25 + 10 == 50 D. 

The inductive reactcuice = 2tu x 50(0*1 -f 0-02 -f 0*5) =* 195 fl. 
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10* /I 1 \ 

The capacitive reactance = = 170 £1. 

Hence the effective reactance = 195- 170 — 25 O. 

Whence the joint impedance — + 25®) = 55*9 ^1. 

Therefore the current == 110/55*9 = 1*97 A. 

The phase difference between impressed E.M.F. and current = co8“*50/55*9 

= 26*6® 

The potential differences across the several parts of the circuit are 
IR^ == 1*97 X 15 ==. 29*5 V. 

IXi -- 1*97 X 27C X 50 X 0*1 -= 61*8 V. 
iZi -= V(29*5*+ 61*8®)= 68*5 V. 

IlwCi 1-97X 10V(27r X 50 X 30) = 209 V. 

/i?a - 1*97 X 25 = 49*2 V. 

IX^ = 1*97 X 27t X 50 X 0*02= 12-36 V. 

IZ^= V(49*2®4-12*35®) = 50*8 V. 

IR^ = 1*97 X 10 - - 19*7 V. 

iXa - 1*97 X 271 X 50 X 0*5 - 309 V. 

1Z^=^ V(i9*7®H- 309®)=- 309*5 V. 

1 mC\ = 1*97 X l()V(27t X 50 X 50)- 125*3 V. 

A vector diagram drawn to scale is given in Fig. 38. 

Series Circuits of Variable Impedance. (1) Constant reactance, 
variable resistance. Two cases are important, viz. (1) circuits in 
which the resistance is variable and the inductance is constant ; 
(2) circuits in which the resistance is variable and the capacitance is 
constant. In both cases the phase difference between the E.M.Fs. 
across the two parts of each circuit is 90°. Hence for any particular 
value of resistance the vector diagram for the E.M.Fs. may be 
drawn as a right-angled triangle, of which the hypotenuse rc^presents 
the supply, or terminal, E.M.F. 

With variable resistance and constant reactance the E.M.F. 
vector diagrams for the varying conditions may, for constant 
terminal E.M.F., be represented by a series of right-angled triangles 
having a common hypotenuse, as shown in Fig. 39. Tlie locus of 
the apex of the vector triangle is therefore a semicircle described 
on the hypotenuse. The semicircle for the R-L circuit is on one 
side of the hypotenuse, and that for the R-C circuit is on the 
opposite side as shown in Fig. 39, in which the semicircle OAE 
refers to the R-L circuit and the semicircle ORE refers to the R-C 
circuit. 

The loci of the vectors of the currents in the circuits are also 
semicircles as shown in Fig. 39, but their centres lie on the opposite 
sides of, and in an axis perpendicular to, the vector (OE) representing 
the terminal E.M F. 
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Proof. Let, for the Ji-L circuit, the co-ordinates of the current vector 
with respect to the origin 0, Fig. 40, be 


Then, squaring and adding, we liave 



Fig. 39. Vector Diagrams for Series Circuits of Variable 
Impedance 

(Constant Reactance, Variable Resistance) 


Now li^ + KX/x. 

Hence -f- = x{KlfX), 

This equation may bo expressed in the form 




Fig. 40. Vector Diagram -for 
Circuit of Variable Resis- 
tance AND Constant 
Inductance 


which is tlio equation to a circle ; tlie 
co-ordinates of the centre being x -- 
Kf'lXj y ~ 0, and the radius being Kf2X. 

For the H C circuit the radius of the 
semicircle is E12X, and tJie co-ordinates 
of its centre are x - EI2X, y -■ 0, 
whore X is the reactance of the condenser. 

If, however, X be variable and R 
constant, the current semicircles havi; 
tlieir centres in the E.M.F. vector OE. 
Thus the sum of the squares of the co- 
ordinates of any current vector is now 
written as 

3-8 _j_ y* ^ yi^ElR), 


vhonce x^ + 



E2 

47 ^* 


The co-ordinates of the centre are therefore x == 0, v = EI2R, and the radius 
is EI2R. 


Properties of Series Circuits Containing Variable Resistance and 
Constant Reactance. The circle diagram of Fig 39 shows that 
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these circuits, when, supplied at constant voltage and frequency, 
possess a number of important properties. Thus — (1) the current 
has a limiting value ; (2) the power supplied to the circuit has a 
limiting value ; (3) the power factor when maximum power is 
being supplied is 0-707. 

The maximum current in the circuit is obtained when the 
resistance is zero ; its value for the R-L circuit is EjcoL = 7^- 

The power supplied to the circuit is equal to 7 cos g?, and if E 
is constant the power will be proportional to 7 cos (p. Now ordinates 
in the current semicircles (Fig. 39) are proportional to this quantity. 
Hence the maximum ordinate in either semicircle represents the 
maximum power which can be supplied to the circuit. This 
ordinate passes through the centre to the semicircle, and, therefore, 
the current vector makes an angle of 45® to the diameter of the 
scmicii’cle, and also to the vector of the impressed E.M.F. Thus 
the power factor corresponding to maximum power is cos 45°-=0*707. 
The maximum power is, therefore, given by 

= 0-707 KI = 0-707 EI^ sin 45® = ^7^ . . (35) 

For the R-L circuit 
P^ ilPIcoL, 
and for the R-C circuit 
= icoCE^* 

At maximum power {<p ~ 45®) the vector triangle of E.M.F.s 
is an isost;eles triangle, and tlujrefore the voltagtvs across the resis- 
tance and reactance are each equal to 0*707 X supply E.M.F. 
Hence the condition for maximum 'power is that the resistance of 

* These expressions inay also be obtained by determining ilie maximum 
v alue of El cos (p. I’iius, suhstiiiiting for I and cos q) in terms of resistance 
and reactance, differentiating, and equating to zero, we have 


dp 

d E^ 

. .} 

d / E^R \ 

dR 

~ dR i • 


~ dR\R^ (o^L*) 


^ 0 . 

E^{R^ + 

or R ™ (i)Ij ~ X. 

Substituting ioL for R in the power expression we obtain 

E^(dL E^ _ E* 

2a)L 2X 
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the circuit must equal the reactance of the circuit, i.e. R = cdL, 
OT R = l jcoC. The expressions for maximum power maj therefore 
be written Pj, = ^E^jR. 

Practical Applications. The current and power-limiting properties 
of series circuits containing variable resistance and constant induc- 
tive reactance are of considerable practical value in connection 
with electric smelting furnaces of the arc type. Thus, by inserting 
reactance in series with the furnace, (1) the power input to the 
furnace cannot exceed a predetermined limit ; (2) the current 



Fig. 41. Chahacteristic Corves for Series Circuit Containing 
Variable Kesistance and Constant Inductance 

Keprcsentative of Arc -type Electric Smelting Furnace 


taken when “ striking the arc cannot exceed a predetermined 
value ; (3) the furnace is more economical in power consumption 
than one controlled by a series resistance. These advantages, 
however, are obtained at the expense of the power factor. 

The characteristic curves for a series circuit containing variable 
resistance and constant reactance are shown in Fig. 41, and refer 
to a 400 kW. arc-type furnace supplied at 220 V., 50 frequency ; 
the reactance of the furnace circuit being 0*06 ohm. 

The current and power-limiting properties of series circuits 
containing variable resistance and constant capacitance have been 
applied to electric lighting in special cases (e.g. artisan dwellings and 
cottages) where the average demand is so small that the supply of 
energy would be unprofitable if house service meters were installed. 
In such cases meters were dispensed with and a flat weekly charge 
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for energy was made by installing low-voltage series-connected 
lamps (each provided with a short-circuiting switch and rated for 
the same current) together with a condenser of such capacitance 
that if the normal demand were exceeded an appreciable reduc- 
tion of the current in the circuit (and therefore the illumination) 
occurred.* 

For an installation consisting of seven 40- W., 2- A. lamps and a 
33-//F condenser supplied from 200-V. 50-cycle mains the lamp 
currents for various switchings are — 

No. of lamps in circuit 1 2 3 4 5 6 7 

Current (amp.) 2-058 2-020 1-978 1-02 1*86 1-794 1-73 

Series Circuits of Variable Impedance. (2)Con8lanl Resistance and 
Variable Reactance. Four cases of these (urciiits are possible, viz. 
(1) constant resistance, variable inductance; (2) constant resis- 
tance, variable capacitance ; (3) constant resistance and inductance, 
variable capacitance ; (4) constant resistance and capacitance, vari- 
able inductance. The first two cases have little application in 
practice, but are of academic interest : the last two cases have 
a large application in radio -tt'legrai^hy and telephony. 

Vector Diagram for Circuits of Constant Resistance and Variable 
Inductance or Capacitance. The com- 
bined vector diagram for the R-L 
and R-C circuits, in which the resis- 
tance is constant, is shown in Fig. 42. 

In this diagram the vector OE, 
representing the impressed E.M.F., 
is tak('n as the vector of r(‘ft‘r(m(;o : 

OAE is the vector triangle of E.M.Fs. 
for the inductive circuit for a par- 
ticular value of inductance ; QBE 
is tilt? corresponding triangh' for th(^ 

(capacitive circuit. The loci of the 
apexes of these triangles are the 
semicircles OCAE, ODBE, respec- 
tively, their common centre being at 
the mid-point of OE. 

The maximum current in c-Jther ckcuit is obtained when the 
reactance is zero ; its value is E jR, and it is in-phase with the 
impressed E.M.F. The vector 01^, in phase with OE, repnments 
this current, on the assumption of equal resistance and impressed 
E.M.F. in the two cases. 

* For further particulars, see “ Condensers in series wnth molal filament 
lamps,” by A. W. Ashton. Journal I.E.K. (1912), xlix, 703. 

7— (T.5245) 


r 



P'lG. 42. VlSCTOU Diagiiams for 
Sbiues Circuits of Vaiiiable 
1mpbi)AN(je (Constant Resis- 
tance, Vajmable Reactance) 
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When the inductance is varied the current vector lags with 
respect to the OE and its locus is the semicircle OFI^. Similarly, 
when the capacitance is varied the current vector leads OEy and its 
locus is • the semi-circle OGI^. The centres of these semicircles 
are in OE and their radii are equal to Ej2R (see p. 78). 

In each circuit the power is proportional to the projection of the 
current vector on the impressed E.M.F. vector : the power is 
therefore a maximum when the reactance is zero. 

Vector Diagram tor the General Circuit Containing Resistance and 
Variable Reactance. Series circuits containing resistance, inductance 
and capacitance, in which either the inductance or the capacitance is 
variable, have a large application in radio-telegraphy and telephony, 
the variable inductance or capacitance being employed to adjust the 
circuit to resonance at a particular frequency, this adjustment 
being called “ tuning.” 

The vector diagrams for these circuits are shown in Figs. 43 and 44, 
the former referring to the case in which the capacitance is variable 
and the latter to the cas(i when the inductance is variable. In 
both cases the vector of the impressed E.M.F. is taken as the vector 
of reference. 

The current in either circuit is given, for any particular values 
of Ry Ly Cy by I == EI\/^R^ + [cei - l/co(7p|, and its phase 
difference with respect to the impressed E.M F. by tan (p = 
(coL- llcoC)IR, When the effective reactance is zero, i.e. when 
toL = l/coC, the current is in phas(5 with the impressed E.M.F. and 
its value is equal to EjRy which is the maximum value of the 
current for the circuit. 

When the variable reactance is zero the current is given by 
EI\/(R- -f co^E^) for the circuit with fixed R and L ; and by 
Ely^lR^ (1/ceC)-] for the circuit with fixed R and (7. The phase 
difference between the impressed E.M.F. and the current is 
(p = tsui'^wLIRy lagging, in the former case, and q) = tan"^(l jcoCR), 
leading, in the latter case. These currents are shown by the 
vectors OA in Figs. 43 and 44. 

When the variable reactance is infinite the current in eithcu* 
circuit is zero. 

The locus of the current vector when <iither the inductance in 
one circuit, or the capacitance in the other circuit, is varied is the 
arc OAIjgB, the centre of which lies in OE at a distance = EI2R 
from 0. The portion AIj^ of this arc corresponds to the condition 
when the fixed inductive reactance exceeds the variable capacitive 
reactance, i.e. coL > 1 /a>C ; and the semicircle /„ BO corresponds 
to the condition when the latter exceeds the former, i.e. (I /coC) > coL. 
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If a circle be described upon OE as diameter, and any current 
vector, such as OB, be produced so as to cut this circle at D, then 
triangle ODE is the triangle of E.M.Fs. for the circuit ; OD repre- 
senting the component of the impressed E.M.F. expended against 
resistance, and DE that expended against the effective reactance, 
i.e. DE represents the vector difference between the E.M.Fs. across 
the inductance and capacitance, these E.M.Fs. being represented by 
OF (leading the current vector by 90®) and 00 (lagging 90° with 



Fig. 43. Vectou Diagiiam.s for Series Circuit of Variable 
Impedance (Constant Resistance and Inductance, Variable 
Capacitance) 

respect to the current vector) respectively. The voltage across 
the fixed portion of each circuit is represented in both figures by 
OH, which is the vector sum of OD and OF. 

When the variable portion of the circuits is varied from zero 
reactance to infinite reactance the loci of the vectors OD, OF, 00, 
OH, are portions of circles, which are marked EJ^, E(,, E^ 4 . i,, 
respectively, in Figs. 43 and 44. The centres of these circles may 
be determined very simply by considering the conditions occurring 
at resonance. Thus the effective reactance is zero, the current is a 
maximum and is in phase with the impressed E.M.F., the E.M.F. 
across the inductance is balanced by that across the capacitance. 
These latter E.M.Fs. are represented b}^ OK and OL, respectively. 
The voltage across the resistance is, at resonance, represented by 
OE — the vector of the impressed E.M.F. — and the vector sum of 
OE and OK is represented by OM 
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For the circuit containing variable capacitance, Fig. 43, the centre 
of circle Ej, lies at the mid-point of OK ; the centre of the circle 
+ L at the mid-point of OJf , and the centre of circle E^ 
is correspondingly situated on the opposite side of OE. Observe 
that the diameter of circle E^ ^ is equal to that of circle Eq. 

For the circuit containing variable inductance, Fig. 44, the centre 
of circle Ef, lies at the mid-point of OL ; the centre of the circle E^^ 



Fig. 44. Vector Diagrams eou Series Circuit of Variable 
Impedance (Constant Resistance and CAPAfjiTANCE, Variable 
Inductance) 

lies at the mid-point of OM, and the centre of circle ^7^ + lies 
at the mid-point of EM. 

Resonance Conditions. With both circuits the condition for 
obtaining resonance is that the inductive rcjactance must equal the 
capacitive reactance, i.e^ a)L = I IwG. Whence LC= 1 lco^= 1 /(27r/)2 
or '\/(LC) = l/(27r/), where / is the frequency in cycles per second, 
and L, 0, are the inductance and capacitance, respectively, in 
practical units (i.e. henries and farads). 

If instead of the frequency we are given the wave-length (A) of 
the electrical oscillations to which the circuit must be tuned, then 
^ metres = 3 X 10®//, where 3 X 10® is the velocity of propagation, 
in metres per second, of the oscillations. Hence 

ViLC) = A/(27r X 3 X 10®) = A/(1885 x 10«). 
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Bat if L is expressed in micro-henries and C in micro-farads, the 
relationship between L, C, X becomes 

y/(LC) = A/1885 (36) 

This, then, is the condition which must be satisfied in a “ tuned ” 
radio circuit when the tuning is effected by the use of series capaci- 
tance or inductance. 

The curves of Fig. 45 show, for a particular circuit (for which 
R = 25 ohms, L = 0-4 henry (constant), C (variable) ), the variation 
of current, voltage, and power factor when the capacitance is varied 
and the impressed E.M.F. and frequency are maintained constant. 

s 


m 

300 

200 

100 

0 

Capacity pi F. 

Fio. 45. Characteristic Citrves fob Series Circuit of Variable 
Impedance (Constant Keststance and Inductance, Variable 
Capacitance) 

It will bo observed that the peaks of the curves for the voltages 
across the condenser and inductive resistance are not coincident, 
the peak of the condenser voltage occurring when the capacitance 
has a value which is smaller than that which gives the peak of the 
voltage across the inductive resistance. This non-coincidence of 
the voltage peaks is caused by the resistance; of the circuit. For a 
circuit of zero resistance the peaks of voltage arc coincident and 
occxir when the current in the circuit is infinite. Data for 
these curves are given in Table I, and the method of calculating 
the quantities may be shown best by calculating one or two points. 
Thus at resonance we must have coL = lIcoC, or (7 = l/co^L. 
Now for a frequency of 50, co = 314. Hence the capacitance, in /iF., 
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required to give resonance is C = 10®/ (3142 9.4 j _ 25‘35 /^F. With 
an impressed E.M.F. of 100 V. the current is = 100/25 = 4 A. 
The voltage across the condenser is E^J == I j^coC — 4/(314x25*35 
X 10®) = 502*4 V., and the voltage across the inductive resistance 
is I, == I^(R^ + 0)2^2) = 4 X 128 = 512 V. 

[Note.— i?2 + oj^l^ = 252 + (3142 x 0*42) ^ 128 £2.] 

For the points corresponding to a capacitance of 20 juF. we have — 
Efiective reactance = (coL- IjcoC) = 314 x 0*4- [10®/(314 x 20)] 
= ~ 33*5 £2. 

Impedance (Z) = ^[R- + {wL-l IcoCf] == + 33*52) 

= 41*7 £2. 

Current = E/Z = 100/41*7 = 2*4 A. 

Voltage across condenser = I /cdC = 2*4 x 10®/314 x 20 = 382 V. 

Voltage across inductive resistance = I\^(R‘^ + (O^L^) = 2*4 x 128 

307 V. 

Power factor = RjZ 25/41*7 — 0*6. 

TABLE 1 

Calculations for Fig. 45. Series circuit : li — 25 £2., L -- 0*4 H. (constant), 

C variable. SiJj)ply pressure -- 100 V. (constant), frequency = 60 (constant) 


c 

(/If.) 

1/coC 

0) L-l/coC 

Z = V{/?» -f 
((dL-HwC)*) 

/ 

ElZ. 

Cos (p ■== 

mz. 

Eq " 

IlwC. 

-1- L ■= 

0 

(X 

a 

OC 

0 

0 

100 

0 

R 

636 

-511 

611 

0-106 

— 

124 5 

25 

10 

318 

-103 

104-6 

n-514 

0-1285 

163-5 

06 

15 

212 

-87 

00-4 

1-106 

0-2763 

234 

141 

•zo 

1.50 

-33-5 

41-7 

2-4 

0-6 

382 

307 

23 

138 4 

-13 

28-2 

3-45 

0-886 

477 

454 

24 

132 5 

- 7 

20 

3-8.5 

0-964 

511 

493 

24-6 

]29'8 

- 4-2 

25-35 

3-945 

0-980 

512 

505 

25 

127-2 

- l-O 

2504 

3 99 

0-998 

.508 

511 

26-30 

12.5 0 

0 

25 

4 

1-0 

502-4 

512 

27 

117-8 

8-8 

20-5 

3-77 

0-943 

445 

483 

.30 

106-1 

19-5 

31-7 

3-15 

0-788 

334 

404 

35 

01 

34-6 

42-7 

2-34 

0-585 

213 

300 

40 

70 6 

46 

52-4 

1-91 

0-477 

152 

244 

50 

63-6 

02 

07-6 

1-48 

0-37 

94 

189 

100 

31-8 

04 

07-3 

1-026 

0-257 

32-6 

131 

00 

0 

125-6 

t28 

0-781 

0-195 

0 

100 


Series Circuits of Variable Impedance. (3) Constant Resistance, 
Inductance and Capacitance, Variable Frequency. This circuit is of 
practical importance on account of its possessing a “ resonance 
frequency ” which is given by 

/ =— 

2T,y/(LC) 
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in which L and C are in practical units (i.e, henries and farads, 
respectively) and is in cycles per second. 

At resonance frequency the current is a maximum and is given 
by = EjR. This current is in phase with the impressed E.M.F. 
The vector diagram for these conditions is given in Fig. 29 (6), p. 64. 

Under resonance conditions, and with suitable values of inductance 
and capacitance, the voltage across the condenser, and that across 



Fia. 46 . Chahactekistic Curves for Series Ctrcuit Supplied at 
Constant Voltage and Variable Frequency 

the inductive resistance, may be considerably greater than the suj)ply 
voltage. Thus, the voltage across tlie condenser is given by 

Eq = /jj/coU, 

which, when 1 ly/(LG) is substituted for cu, and KfR for 7j^, becomes 



Hence when L > CR^ the voltage across the condenser will be 
greater than the supply voltage. The ratio of these voltages is 
given simply by y/{LICR^), 
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Similarly the voltage across the inductance and resistance is, at 
resonance frequency, given by 

which is greater than the supply voltage for all values of L and C 
except zero. 

The manner in which these voltages vary with the frequency in 
the case of a particular circuit, for which JS = 30 Q., L = 0-4 H., 
C = 25 /iF., is shown in Fig. 46. Other curves in this figure show 
the manner in which the current, power factor, inductive reactance, 
capacitive reactance, and effective reactance vary with the frequency 
when the supply pressure is maintained constant at 100 V. The 
calculations for these curves are given in Table II. 

TABLE 11 

Calculations for Fig. 46. Scries circuit : li - 30 Q., L = 0*4 H., 

C - 25 /iF Supply pressure — 100 V. (constant). Frequency 

variable. 



0) 

2Kf 

(OL 

lOVojC 

CoL- 

ila>c 

z - 

+ 

(U)i-1/£0C)*} 

I - 

miz 

coa ® =** 

RIZ 

1^0- 

//cuC 

+ R “ ^ 

0 

0 

0 

oc 

OC 

a 




100 

0 

10 

62-8 

25-1 

637 1 

-612 

612 

0-1635 

T 0-049 

104-2 

6-4 

20 

125-6 

50-2 

319 

- 269 

270-8 

0 369 

■3 0-11 

117-8 

21 

30 

lHH-4 

75-3 

212 

-137 

140 4 

0-713 

S 0-21 4 

151 

57-8 

40 

251 1 

105 

159-5 

-54 5 

62 2 

1-608 

1 0-483 

256-5 

175-5 

40 

283 

113-2 

141-2 

- 28 

41 

2-44 

^0-732 

345 

286 

50-35 

316 

126-6 

126-5 

0 

30 

3-33 

1-0 

422 

433 

55 

345 

138 

116 

22 

37-2 

2-69 

0-807 

312 

380 

60 

377 

151 

106 

45 

54 1 

1-86 

40-550 

196 

285 

70 

440 

176 

90-9 

86 

90 2 

1-11 

« 0-333 

100 

198-5 

JOO 

628 

251 

63-7 

187 5 

190 ! 

0-520 

jO-158 

33-5 

133 


Resonance in Practice. The equivalent of the above circuit 
occurs in practice when an alternator is supplying unloaded cables, 
the inductance and n^sistance being represented by the armature 
winding of the alternator, and the condenser by th(^ capacitance 
between the cores of the cables. But the “ constants ’’ of commercial 
distributing systems are such that the resonance frequency is much 
higher than the normal frequency. Hence, with a pure sine wave 
of E.M.F. resonance cannot occur. If, however, the wave-form is 
non-sinusoidal resonance, due to one of the higher harmonics of 
the E.M.F. , may occur either at normal speed, or at a speed lower 
than normal if the alternator is run up to speed with its field excited 
and its armature connected to unloaded cables. 
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Example. An 1 1,000- V., 50-cyclo, aliornator is connected to concentric 
cables having a total capacilance of 3 //F. The inductance of the armature 
winding is 0*02 H., and the resistance of the armature winding is 1*3 
The resonance frequency of the system when the cables are unloaded is 


fr - 


1 

27rv'(002x3x 10-«) 


649 cycles per second 


If the wave-form of the no-load E.M.F. contains a thirteenth harmonic 
(the frequency of which - 13 X 50 == 650), resonance due to this harmonic 
will occur at normal speed. If the amplitude of this harmonic is 1 per cent 

of the fundamental, i.e. X 11000 x 1*414 — 155 V., the current due to 

it at resonance is 155/1 ‘3 119 A. (maximum value). Hence if the peak 
of the E.M.F. w'ave of this harmonic occurs at the same instant as that of 
the fundamental, the voltage impressed on the cables is 


11000 X 1-414 -f- 119/(2tc X 650 X 3 X 10 «) = 25,260 V. 



Fig, 47, Circuit and Vector Diagrams for Parallel Circuit 


II, — Parallel Circuits 


Parallel Circuits of Constant Impedance. The vector diagram for 

a parallel circuit, consisting of two inductive resistances, is given 
in Fig. 47. The total, or “ line ” current, /, is equal to the geometric 
sum of the branch currents I z - magnitude and phase may be 
calculated from Fig. 47 as follows 

I = (A + (Asin9?i+ /2 8in9?2)“( (37) 

(p == tan'^ {/i sin sin qz)l{^i 9 ^ 2 ) 

The joint impedance, Z, of tlie circuit ma}^ be obtained from 
Equation (37), and Fig. 47, as follows 

I = EjZ V| (^1 + h cos qz'f + (A sin 9 ?l^-/ 2 sin q^Y\ 
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Thus for the general case the reciprocal of the joint impedance is 
not equal to the sum of the reciprocals of the separate impedances : 
its calculation therefore requires a knowledge of the values of the 
separate impedances as well as the resistances and reactances. 
Special Cases. In the special case when = 0, Xg = 0, we have 

i=i=l+l 

Z R Ri Mt 

and in the other case when R^ = 0, iJg ” have 


1 1 _ 1 1 

When the reactances Xg, consist of condensers, 


— = coC ^ ; ^ = (0C2 ; = coC 

Hence the joint capacitance of the condensers is 

C = c, + c,. 


Thus, when condensers are connected in parallel, th(i joint capaci- 
tance is equal to the sum of the separate capacities. 

Admittance. Reverting to the general case, Fig. 47, and employ- 
ing symbolic notation, the equation to the line current may be 
written 

I = h + h 


= {EjZ^) + {EjZ,) 

whence 

11 1 
Z"~'Zi'^'Z^ 


(39) 


or r = r, + r, 

where Y is the reciprocal of the joint impedance and 7^, are 
the reciprocals of the s('parate impedances. Thcjse reciprocals are 
called admittance. Hence the joint admittance of a number of 
circuits connected in i)arallel is equal to the geometric sum of their 
separate admittances. The admittances of these circuits may 
therefore be compounded in a vector diagram in a manner similar 
to that adopted with the several impedances of a series circuit. 
For example, in Fig. 48 the vector OA represents the admittance Yj, 

OB, the admittance Yg. Tlie joint admittance is represented by 

OC, wliich is the vector sum of OA and OB. 

Inversion. The joint impedance Z, corresponding to the joint 
admittance Y, may be obtained from the vector diagram by 
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determining the vector which is the reciprocal of the admittance 
vector, this process being called “ inversion.” For example, two 
reciprocal quantities, F, Z (— l/F), are represented in a vector 
diagram by vectors of different lengths — such as OF, OZ, Fig. 49 — 
located on opposite sides of the axis of reference and making equal 
angles with this axis. The projection on OZ of the point F gives 
the point Y\ which is called the image of F. 

Two points such as F' and Z, Fig. 49, are called “ inverse points.” 
The origin, 0, is called the “ centre of inversion,” and the value of 
the product OY'.OZ which corresponds to unit values of F and 
Z, is called the “ inversion constant,” Ki. 

If the admittance vector is drawn to such a scale that 1 cm.= m 
mho (unit of admittance), and the impedance vector is drawn to 



Kia. 4S. Vector Diacjuam Fig. 49. Vector Diagram of 

SHOWING Addition of Reciprocal Vector 

Admittances Quantities 

such a scale that 1 cm. ri ohms, then OY' = F/?n, OZ = Z In 
Whence OF' X OZ = YZjmn — 1/mn, since F.Z = 1, i.e. the 
inversion constant is equal to the product of the reciprocals of the 
scales of the vectors. H(*nce the inversion of the image of an 
admittance vector — drawn to a scale of 1 cm. = m mho — to an 
inversion constant gives an impedances vector having a scale of 
1 cm. = (IjmKA ohms. Conve^rscly, the inversion of the image of 
an imp(*dance vector — drawn to a scale of 1 cm. == n ohms — gives 
an admittance vector having a scale of 1 cm. = {IjnKi) mho. For 
example, if OF, Fig. 49, represents an admittance of 0*05 mho, 
and is drawn to a scale of 1 cm. = 0*025 mho, i.e. OF— 0*05/0*025 
= 2 cm., then the length of the impedance vector OZ for inversion 
constant equal to 8, is 8/(0*05/0*025) == 4 cm., and the scale of 
this vector is 1/(8 X 0*025), or 5 ohms = 1 cm. ^ Therefore the 
magnitude of the impedance is equal to 4 x 5 = 20 ohms. 

Instead of determining the impedance scale from the inversion 
constant and the admittance scale, it is more convenient in practice 
to select the impedance scale such that the longest impedance vector 
is of a convenient length. 
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The principle of inversion is of considerable value in the graphical 
solution of problems on parallel and series-parallel circuits, and 
further applications will be found in this and the following chapters. 

Conductwee and Susceptance. Since admittance, like impedance, 
is a complex quantity it must be expressed, when the rectangular 
form of symbolic notation is employed, in terms of in-phase and 
quadrature components which are denott^d by the symbols g and 6, 
respectively. These components can be expressed in terms of the 
constants, R, Jf, of the circuit. For example, 

Y-^ ^ ^ \ d ^ \ 

■ Z R+jX W + X^ \W-\-X^) ^\Br--\-X^) 

= G-jB 

where G = RjiR^ + X^) = RjZ\ and B = XI(R^ h = XjZK 

O is called the co7iducUince* because, for a circuit of zero reactance, 
we have O = R/R'^ = l/R. B is called the susceptance and, for 
circuits of zciro riisistance, is equal to the reciprocal of reactance, 
i.e. B = XjX^ = I IX. 

Hence for the circuit of Fig. 47 we have 

Yi = Oi -jBi ; ¥2 = 02 -'jB 2 

Y Yi Y 2 ~ + (®2 

^{G,+ G2)-j{B, + B2) 

Whence, F - Vl (^1 4* ^2)*' + (^1 + ^2)'! • • (40) 

<p = tan-^i?! + B2)I(G, + 6\). 

Parallel Circuits of Variable Impedance. (1) Constant Resistance, 
Inductance, and Capa^ciiance ; Variable Frequency. Let one branch of 
a parallel circuit consist of a fixed inductive resistance (R, L), and 
the other a condenser of fixed capacitance (C). The current in the 
inductive resistance at a frequency / is I EI^(R^ L^), 
where o) = 27rf. The power component of this current is cos cpi 
= ERjiR^ + cd^ L^), and the wattless component is I^ sin (p^ = 
EcoLI(R'^ + co^L^), which lags 90° with respect to the impressed 
E.M.F. The charging current of the condenser is I.^ = coCE, and 
leads the impressed E.M.F. by 90°. Therefore, the phase differ- 
ence between the wattless component of the current in the 

* The terra conductance is employed in connection with direct -current 
circuits to denote the reciprocal of reBistance. 
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inductive resistance and the charging current of the condenser is 
180°. Hence the wattless component of the line current is 




EwL 

R^ + 0 ) 2^2 


- (oCE 


which, if the frequency is variable, becomes zero when 
EcoL 


i.e. when 


R^ 4 - ^> 2^2 


(oL 


- oiCE, 




where (= coL) is the inductive reactance and X^, (= l/mC) is 
the capacitive reactance. Thus the condition for the wattless 
component of the line current to be zero is that the product of the 
inductive and capacitive reactances must equal the square of the 
impedance of the inductive branch. 

The frequency corresponding to this condition is obtained by 
solving the equation for co. Thus 


whence 



(41) 


Resonance. Every parallel circuit consisting of a condenser, of 
fixed ca])acitance, in one branch and a fixed inductive resistance in 
the other branch has, therefore, a particular frequency at which the 
charging current of the condenser balances the wattless current in 
the inductive resistance. This frequency, which is given by Equa- 
tion (41), is called the “resonance frequency” of the (parallel) 
circuit. It is not, however, the natural freqmmcy of the local 
circuit — consisting of the condenser and inductive n^sistance — as 
this frequenev is given bv 

When == 0 the resonance frequency bccoirfes equal to the 
natural frequency of the circuit : moreover, the resonance frequency 
for the parallel circuit is then equal to that for the series circuit 
containing the same values of inductance and capacitance. Under 
these hypothetical conditions — i.e. with zero resistance and no 
losses — electric oscillations, when once started in the local circuit, 
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may be maintained without the further supply of energy to this 
circuit. 

Variation of Line Current with Frequency. Reverting to the 
practical case, in which the inductive branch contains resistance, 
the line current at a frequency / is given by 

r = VI (/i cos (pj^ + {/j sin 9)1 - (oCEy^l 

ahere a) = 27rf. 




riQ. 50 . ( a ) Ohara cTERisTic Curves i’OR Parallel Circuit Supplied 
AT Constant Voltage and Variable Frequency. (6) Plot of 
C lTRRENTS /, ij, IN POLAU CO-ORDINATES 

At zero frequency co = 0, and I = EjR. As the frequency is 
increased from zero the line current decreases in value and becomes 
a minimum at a frequency slightly above the resonance frequency : 
it then increases as the frequency increases. Hence if line current 
be plotted against frequency a V curve is obtained as shown in 
Fig. 50 (a), which refers to a particular circuit for which JK = 30 fi, 
L = 0-4 H, (7 = 25^F. 

Other curves in this figure show the manner in which the resultant 
power factor, the branch-circuit currents, and the wattless and 
power components of the current in the inductive branch vary 
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when the frequency is varied and the supply pressure is maintained 
constant at 100 V. The calculations for these curves are given in 
Table III. 

The line current and the current in the inductive branch are also 
plotted to polar co-ordinates in Fig. 50 (b), from which it will be 
observed that the curve for the latter is a semicircle. 

It will be observed that as the frequency is increased from zero, 
the wattless component of the current in the inductive branch 
increases from zero to a definite maximum value and then decreases 
with increasing frequency. The frequency corresponding to the 
maximum wattless current in the inductive branch is obtained by 
differentiating, with respect to m, the expression for this current, 
equating the result to zero and solving for m. Thus 

sin = E(oLI(R^ + w!^L-) = EcoLIZ^ 
d , ELZ^ - 2AWL3 

^3 

ELZ^ = 2Eai^L^ 
or RT- + 0)2 L2 = 20 ) 2^2 
Whence o) = RjL. 


TABLE III 

Calculations for Ei^. 50. Parallel circuit : inductive branoli, H -- 30 D., 
Ij = 0*4 H. ; condenser branch, C — 25 /#E. Supply pr(*s8ure = 100 V. 
(constant). Frequency variable. 


/ 

I toL 

27r/ 1 


h 

sin 9 ?] 

a 

8in9?j 

sin (p) 

^ cos 9 ?)* } 

Cos tp 

Power 

Sup- 

plied 

cos (p 

0 

0 1 0 

30 

3 33 

0 



3-33 

3-33 

1-0 

Watts 

333 

5 

31-4| 12-6 

32-6 

3-07 

119 

0-08 

Ml 

2-84 

3 05 

0-938 

284 

10 

62-8 25-1 
75 i 30 

39-1 

2-56 

1 -65 

0-16 

1-49 

1-96 , 2-46 

0-8 

196 

12 

42-4 

2-36 

1-67 

0-19 

1-48 

1-67 

2-23 

0-747 

1 167 

20 

125-61 50-2 

68-5 

1-71 

' 1-46 

0-31 

1-15 

0-88 i 1-44 

0-61 

1 88 

30 

188-4 75-3 

81-1 

1-23 

i 1-J4 

0-47 

0-67 

0-46 

0-51 

0 56 

1 40 

40 

251 1 100 4 

105 

0-95 

0-91 

0 63 

0-28 1 

0-294 

0-42 

0-7 

i 29-4 

45 

283 1113-2 

117 

0-86 

0-82 

0 71 

0-11 I 

0-218 

0-244 

0-894 

21-8 

48‘0 

307 ! 122-8 

126-4 

0-791 

0-768 

0-708 

0 

0-188 

0-188 

1-0 

18-8 

60 

314 i 126-6 

129-3 

0-773 

0-751 

0-786 

- 0-036 

0-18 

0-183 

0-984 

18 

56 

346 1 138 
377 161 

440 1 176 

J41-2 

0-71 

0-69 

0-86 

-0-17 

0-15 

'0-23 

0-664 

15 

60 

154 

0-65 

0-64 

0-04 

! - 0-3 

0-127 

0-33 

0-385 

12-7 

70 

178-5 

1 0 56 

0-55 

1 1-1 

1 - 0-65 

0-094 

0-56 

0-171 

9-4 

100 

628 1993 

1 

252-8 

i 0-395 

0-393 

1-57 

- 1-177 

0-047 

1-18 

0-04 

4-7 


Analytical Investigation of Variation of Line Current with Frequency. 

The shape of the line-current /frequency curve for the general case may bo 
ascertained analytically by investigating the law of variation, with respect 
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to frequency, of the several terms of Equation (43). Thus the value of the 
first term is a maximum at zero frequency and decreases 

as the frequency increases ; the rate of decrease being at first rapid, then 
diminishing gradually, and finally becoming zero at an infinite frequency. 
The value of the second term [o)H2LCJZ^ - C'^)] is zero when the frequency 
is zero : it increases as the frequency increases, until it attains its maximum 
value at a frequency below the resonance frequency ; it then decreases, 
zero at a particular frequency — wliich is higher than the 
resonance frequency — and then 


becomes 
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Fio. 61. Variation of Quantities 
WITH P’bEQUENCY, for PARALLEL 
Circuit 

{R = 30 Q., L = 0-4 H., 0 - 25 /iF.) 


changes sign and increases contin- 
ually as the frequency is still further 
increasofl. The variation is shown 
graphically in Fig. 51, the curves of 
which refer to the circuit calculateil 
in Table III. 

The general shape of these curves 
is the same for all circuits, but the 
frequencies at which the maximiun 
and zero values of the second term 
occur depend upon the “ constants ” 
of the circuits. For example, the 
frequency corresponding to the 
maximum value of [u)^{2LC j -C^)] 
is obtaineil by equating tlio first 
differential coefficient of tlu.s quan- 
tity to zero and solving for (o^ 
Thus 


A 

dco 





VA “ -CUO 


0 


whence — Z^GjL, 


which, when (72* + is substituted for Z^, reduces to 

. /R /2\ R^ 


The (juantity [(x)^{2LC {Z^ - C^)] is zero when — 6’*, and the 

frequency corresponding to this condition is obtained from the equation 




LC 


Substituting numerical values for 72, 7/, C7, from I'able III, we have 
, /30 /2X10«\ /30\2 

(o-4'VO*4 X 25/ (o-4/ " ’ 


whence 

Similarly, 

whence 


/ = (oI27: = \/21 B15l2n — 20-G cycles per second. 

= oji/2tc s= VI 375/2tc = 71-2 cycles per second 


Now the difference between the quantities [1 /(T?® -}- and 
[a)*(2I/C'/Z* - (7®)] is proportional to the square of the current (see Equation 
(43)]. 

Hence intercepts between ordinates of the curves in Fig. 61 are propor- 
tional to the current. As the frequency is increased from zero, these inter- 
cepts diminish on accoimt of the curves approaching each other, but after 
a particular frequency is reached the curves diverge and the intercepts 
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increase. In the case of a hypothetical circuit without resistance, the curves 
touch at resonance frequency, but for practical circuits the minimum intercept 
occurs at a frequency slightly higher than the resonance frequency. 

The frequency corresponding to the minimum value of the lino current is 
determined by equating the first differential coefficient of Equation (43) to 
zero and solving for co. Thus, writing Equation (43) in the form 


7 E 


V( 


1 - 2e>*X0 
7^2 + 




) 


and denoting the quantity in tlie bracket by u, we have 

dl E du E (-4n>XC(7?*4- w*E*)~2a>7.«(l-2w®7X’) „ ) 

day 2Vu * day 2yju / (W* + a)“L*)» { 


whence 



This is greater than the value of fo* at resonance frequtmey- -see Equation 
(4 I )- -as the cuefficient of the first term is greater than unity. The difforenco 
between these frequencies depends upon the values of E, L, C. For example, 
in tlie case of the circuit caic.ulated in Table III the resonance frequency is 
equal to 48*9, and the frequency at which the line current is a minimum is 
equal to 50*3 cycles per second. 

Tho minimum value of the lino current may bo obtained by substituting 
this value of in h^quation (43). For oxamplo, substituting the numerical 
value of 99875 [ — (2:r X 50*3 )*J and tho values of /?, L, (7, from Table III, 
in Equation (43) wo have 


+ 99875 X 25. X iO -) 


= 0-1825 A 


Tho value of the line current at resonance frequency is obtained by sub- 
stituting the appropriate value of oj in Equation (43). Thus, at resonance 
frequency, fo* — {{ljLC)'“{Ti(L)^] — see Equation (41) — and Equation (43) 
reduces to 


7 =- ER{CIL). 

Hence for the circuit calculated in Table III the line eurront at resonance 
frequency is 

7 = 100 X 30 X 2r)/(0-4 X 10«) 

= 0-1875 A. 


Joint Impedance at Resonance Frequency. A parallel circuit con- 
sisting of an inductive resistance connected in i)arallel with a 
condenser possesses zero susccptanco at resonance fn^qucncy, i.e. the 
expression for the joint impedance of the circuit contains no 
“ reactance ” term. 

In the case of the circuit considered above, the line current at 
resonance frequency is given by / 


I = ER{CIL) 

and therefore the joint impedance at this frequency is 

E 1 L 

^ ""T~r ■ c 


8— (T.52i5) 
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For the special case when L C, we have 
Z = l/R. 

Another case of interest is where the condenser branch contains 
resistance. In this case, let R^ denote the resistance in series with 
the condenser, and R the resistance in the inductive branch, as 
above. Then the wattless component of the current in the 
condenser branch is now given by 

sin <Pi = EI\ + (1 /wC)*] } 

The wattless component of the current in the inductive branch is 
1 1 sin q)i = E(oLl(R^ + oj-L^) 

Hence the condition for resonance is 


sin q)^ = 1 2 sin (p 2 
o}L R^ + coHJ^ 

\loyC~ R,-+(\lwCf~ 

Solving for o), we have 

, li -LjC 
" CL(i{„^-LIC) 

The line current at resonance frequency is equal to the sum of 
the power components of the branch-circuit currents, i.c. 

I — Ii cos <p^ + 1 2 cos 9?2 

'i 

\H^ + w-L^ + (i jcoCf I 

The special cases are (1 ) when R^, R \ (2) when R =" ^ (L/C), 
R^, = \/{L/C) \ (3) when Rq — R, L = C. The values of co 

corresponding to the resonance frequencies in these cases are 
(\)co= V(^ICL)] (3)m = 1/L = l/f7. 

Hence, substituting for the values of R^ and co corresponding to 
the above special cases, we have for the line currents at the 
resonance frequencies — 

(1 ) = 1 /L(^ I = E \ 2RI[ir- + (L/C)] I 

(2) At all frequencies I = E ^/(C|L) 

(3) = 1/L2 = 1/(72 j ^ [2il(R^ -f 1)] 

Whence the impedances at the resonance frequencies are 


( 1 ) 


Z 


_R 1 nL\ 
~ 2'^ B\2c) 


rr ^ ^ 

^ =2 + 2 ^ 


( 3 ) 
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Phase Difference Between Branch-circuit Currents for Special 
Case. In the special case where = i? = y/(LIC)y the line current 
at all frequencies is directly proportional to the line voltage, just 
as for the case of a simple circuit containing resistance. If is 
the phase difference between the line voltage and the current in the 



Fia. 52 Fig. 53 

Circuit and Vector Diagrams for Parallel Circuit of Variable 
Impedance (Variable Condenser in One Branch) 

inductive branch (R ■ L) and that for the capacitive {R^ — C) 
branch, then 

(oL 1 

V(H- 

V'd 

1 1 

“ «)CV[(i^r+ ri/w“c’2)] v'(i + 

V(i/C) 1 

^/V(L|C) + 1K6'*)J ' ■ V(H- ^l(0^LC) 

Hence sin = cos and cos (p^ == sin (p^. Therefore the phase 
difference between the branch currents is 90° at all frequencies. 

If, then, such a circuit is supplied at constant voltage but variable 
frequency, the branch-circuit currents will each vary in magnitude, 
and the phase difference between them will always be 90°. Hence 
the vectors representing the line and branch -circuit currents will 
form a series of right-angled triangles on a common hypotenuse. 

Parallel Circuits of Variable Impedance. (2) Constant Resistance 
and Inductance in One Branch, Variable Reactance in the Other 
Branch. The case which is of practical importance and which will 
be considered here is where the variable reactance consists of a con- 
denser of adjustable capacitance. The circuit diagram is shown in 
Fig. 52, and the vector diagram in Fig. 53. Assuming constant 
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supply voltage and frequency, the current, /j, in the branch of 
constant impedance will be constant, while that, /g, in the branch 
containing the condenser will be directly proportional to the 
capacitance, e.g. Zg = cdEC. The phase differences between these 
currents and the supply E.M.F. are constant : that between the 
supply E.M.F. and Zj is q)^ = tan"’coZ//Z2 (lagging) ; that between 
the supply E.M.F. and Zg is 90° (leading). 

The line current, Z, is tiqual to the vector sum of Zj and Zg. Since 
Ii is constant in magnitude and direction, and Zg is of variable 
magnitude but fixed direction, the locus of the extremity of the 
line current vector will be a straight line drawn through Zj parallel 
to 01 2 (Fig. 53). Thus, as the capacitance is varied from zero, the 
line current is brought more into phase with the supply E.M.F., 
i.e. the effective reactance of the circuit as a whole is diminished 
and the pow(ir factor is improved. At a particular value of the 
capacitance the line curremt is exactly in phase with the supi)ly 
E.M.F., and has' its minimum valu(‘* : at higher values of the 
capacitance the line current increase's in magnitude and leads the 
supply E.M.F. 

If values of line current and capacitance are plotted, we obtain a 
V curve, as shown in Fig. 54, and if the powcu‘ factor is also plotted 
we obtain an inverted V curve (sec Fig. 54). 

The curves of Fig. 54 ar(i calculated for a ])arallcl circuit similar 
to that of Fig. 52, supplied at a constant E.M.F. of 200 V., and a 
constant frequency of 50 cycles per second. The inductive branch 
has a resistance of 40 ohms and a constant inductanci^ of 0-54 
henries : the capacitive branch contains a condenser, the (capaci- 
tance of which is adjustable Ix'tween zero and 30 jtiF. 

The method of calculating these curves is as follows — 

The impedance of the inductive branch is 

Z = V|402 + ( 27 t X 50 X 0-54)2 1 174-4 ohms 

Whence Zj = 200/174-4 = M46A. 

cos = RjZ = 40/174-4 = 0-23. 

The line cuiTcnt at unity power factor is 
I = cos 

= 1-146 X 0-23 = 0-264 A 

Tlie capacitance required to give unity power factor is determined 
from the condition that the charging current of the condenser must 

* The pomlition which gives unity power factor is the same as that which 
gives the resonance frequency, for the parallel circuit, equal to the supply 
frequency. Under these conditions the stored energy of the circuits is 
transferred from the condenser to the inductance, and vice versa, during 
successive quarter periods. 
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be equal to the wattless current taken by the inductive resistance, 
i.e. Iz = /j sin = coCE, 
whence C* = /^ sin (p^joiE 

= 1 1-146 V(1 -0-232) I /(2;t X 60 X 200) 

= 1-116/62800 = 17-76 x lO * F. 



Fig. {14. Csaractkiitstic CiiJtvF.s for pAUAiiLEL Circuit of Variable 

Impedance 

{Jl --- 40 Q., L - 0-54 H., C varittbJo) 

For any other value of capacitance, such as 10 ^F., we have 

Wattless component of line current — sin - wCE 

= 1 -116 -62800 X 10 X 10-6 
= 0487 A. 

Power component of line currtmt = I ^ cos 

= 0-2635 A 

Line current = V(^^*2635‘^ + 0487^) 

= 0*554 A. , 

Power factor =power component /line current 

= 0*2635/0*554 
= 0*475 (lagging). 

Other points are calculated in a similar manner, and are given in 

Table IV. 
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Practical Applications. The curves of Fig. 54 show that a circuit 
consisting of a fixed inductance connected in parallel with a con- 
denser possesses the property that if the capacitance of the condenser 
be chosen suitably, the power factor of the combined circuit is 
higher than that of the inductive branch alone. This property is 
of considerable value in practice. For example, if a particular 
circuit possesses a low (lagging) power factor, the effects of this 
low power factor on the supply system may be avoided by con- 
necting in parallel with the circuit a condenser of suitable capa- 
citance. Condensers used in this manner for improving the 
power factor of power circuits are of the oil-immersed paper type 
(see p. 69). 

In the application of condensers to such circuits it is important 
to observe that the capacitance required for corrective purposes is 
proportional to cos (p^ (tan - tan 9 ?), where is the phase difference 
for the inductive circuit alone and (p is the resultant phase difference 
for the combined circuits. Thus, if the resultant power factor is to 
be unity (i.e. 9 ? = 0 ), the capacitance required will be proportional 
to sin (pif but if a lower resultant power factor is rt^quired, the 
capacitance will be smaller. For example, if the original power factor 
is 0*707, corresponding to (p^ = 45®, and the resultant power factor 
is to bo unity, the capacitance required will be proportional to 
cos 45® = 0*707. If, however, the resultant power factor is to be 
0*95 (lagging), the capacitance will be proportional to cos 45® (tan 45® 
- tan 18*2°) = 0*707 (1 - 0*3288) = 0*475, which is about two- 
thirds of that required to obtain a power factor of unity. Hence, 
in cases wluire a resultant power factor of, say, 0*95 is satisfactory, 
the cost of the condenser required for the purpose will be considerably 
lower than that which would bo necessary for correcting the jjower 
factor to unity. 

Example. A 40 H.P., 560 V., 50 cycle, alternating-current motor has a 
power factor at full load (which corresponds to an input of 34 kW.) of 0*85 
(lagging). What capacitance of condenser, connected in parallel with the 
motor, is required to obtain a resultant power factor of 0*98 (lagging). Jf 
this condenser is permanently connected in parallel with the motor, what 
will be the resultant power factors when the motor is operating at half load 
and quarter load, assuming tlio power input to the motor at these loads to be 
17*5 and 9*7 kW. respectively, and the corresponding power factors to be 
0*78 and 0*63 ? Neglect losses in the condenser. 

The current input to the motor at full load = 34000/(560 X 0*85)= 72*7A. 

„ „ half „ = 17600/(550 X 0*78)= 40*7A. 

,. „ „ .. „ quarter „ = 9700/(650 X 0-63)= 28 A. 

Wattless component of current input at full load = 72*7v'(l -0*85®) = 38*4A. 
., „ ., half „ = 40*7V(1 -0*78») = 25*6A. 

o .• M quarter,, =28 a/(1 - 0*63*) = 21*7A. 
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Puwer component of full-load current 34000/550 — 61*8 A. 

Line current at 0*98 power factor and full load on motor = 61*8/0*98 -= 63- 1 A. 
Wattless component of this current -- 63*1 \/(l - 0-98®) — 12*6 A. 

Charging current of condenser = Difference between wattless compononls 

at power factors 0*85 and 0*98 
= 38*4- 12*0 
--- 25*8 A. 

Hence capacitance of condenser = 25*8 X 10®/(27r X 60 X 550) ~ 149 / 4 F. 

Note. — Capacitance of condenser required to give a power factor of unity 
witli full load on motor — 38*4 x lO*/(2Tt x 50 X 650) — 222 /iF. 

Assuming constant lino voltage and frequency, the charging current of 
the condenser will remain constant. 

Hence the wattless component of the line current when the motor is 
operating at half load 25*5 -25*8 — -0*3 A. 

[The minus sign indicates that this component is leading the impressed 
E.M.F.l 

Power component of line current when the motor is ojierating at half load 

17500/550 ==•- 31-8 A. 

Lino current ^^(31*8* -f 0*3®) = 31*8 A. 

Power factor -- 31*8/31*8 = 1*0 

[Note. — A ctually the phase difference is about 0*0" (leading).] 

Wattless com})onont of line current when the motor is oiMirating at (quarter 

load = 21*7-25*8 4*1 A. 

Power component of hue current at this load 

- 9700/550 =17*05 A. 

Lino current = V'( 17*05^ + 4*D) = 18-1 A. 

Power factor = 17*65/18 1 = 0*986 (h'admg) 

TABLE IV 

Calculations for Fig. 54, Parallel circuit : inductive branch, li - 40 £2., 

L - 0*54 II. ; condenser brancli, C variable, 0 to 30 /<F. Supply 
pressure -- 200 V. (constant), frequency — 50 (constant). 


CUt¥ ) 

/2= (JjCjtC 

sin (/', —/g 

cos (fi 

(/, siiwpi)M 

cos (f> 

0 

0 

1*116 

0-2635 

1*146 

A 0*23 
i, 0*312 

5 

0*314 

0*801 



0*844 

10 

0*628 , 

0*487 



0*554 

^ 0*475 

1 0*836 

15 

0*942 

0*173 



0*315 

17*75 

1*116 

0 



0*2635 

1*0 

20 

1*256 

-0*141 



0*29 

f 0*909 

25 

1*57 

- 0*455 



0*526 

■tj 0*5 

30 

1*885 

-0*77 



0*814 

$ 0*323 


Parallel Circuits of Variable Impedance. (3) Constant Impedance 
in One Branchy Variable Impedance in Other Branch. Consider the 
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circuits represented in Fig. 55, in which one branch contains a 
variable resistance in series with a fixed reactance, X 2 . Denoting 
the conductances, susceptances, and admittances of the circuits 

respectively, we have 


by G , ; ; Fi. F^, 

a, = RJ(R,^ + 

B, ^ X,I{R,^ + X,^) 

Yi= G, jB, 


I 





= R^\{R^ + X^^) 
=-- X.J R^^ + X^^) 
Fg ~ O 2 -’jB2 



Fig. 56 

ClttCUlT AMD VeCTOII DiAGUAMS roil PaTIALLKIj CiHCUIT OB' Vahiable 
Impbjdamce (Vabiaulbj Resistance in f)NE Rranch) 


The joint admiitanc;e, F, is equal to tht> sum of the separate 
admittances, i.e. F ~ + Fg* Now is variable, being zero 

when /i ?2 = equal to ji(l/X 2 ) when Ro = 0. The joint 

admittaiKH', F, may be obtained either by (calculation or graphically, 
the graphiical construction possessing tlie advantage that the 
magnitudes and phase diffcTencces of the branch and line currents 
may be obtained at the same time as the joint admittance. 

The admittance diagram is shown in Fig. 50. The vector OA^ 
in the fourth quacb*ant,*i'epresents the admittance Fj = Oi-jBi. 
Tlie vector AC — paralh^l to the vertical axis and of length equal to 
I/X 2 on the admittance scale — represents the maximum value of 
the variable admittancei Fg, this value corresponding to R 2 = 0. 
A semicircle, ABC, described on AG, therefore, giv(‘S the locus of 
the admittance vector Fg whim the resistance, i? 2 , is varic^d from 
0 to oc. 

Proof. Let the vector AB, Fig. 56. represent any particular value, 
of the admittance corresponding to a particular value, R\ of the variable 
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resistance. Then Y\ 0\ H- whore and 

— X 2 I {U ' + Xjj2). Now if A F is the projection of AJi on AC 


AF 


Y' 


y'a* = AB^ =-^ AF^ ^ FB^- =- -j- 


(—i^y 


+ 




^/eV + X** 



1 

> 


But Y\ cos (p 2 -- X^KR',^ + X,^) 

Henco 1/(7^V -}- X^^) = {Y\ gob <p 2 )IX 2 
i.e. yV- {Y\ GOB <p 2 )IX 2 

Of Y\ = [ 1 1X2)008 (P 2 

Whence Y'.Jcoa (p^ ~ 1 /Xg — a constant. 

If BC bo drawn porjiondicular to AB. then 
AG — Y\lG08(p2= 1/X^. 

Ilonco AC is of coriHiani value, and since angle ABC is a right angle, 
l)oint B lies on a semicircles described on AC as diamoLor. 


Thn joint admit taru^e, 7, is UitTcfore rt‘presented by the vector 
OB, y^'ig. 56, and the locus of iliis vector when the resistance, i? 2 » 
is varied is the semicircle ABC referred to the pole 0. 

When the variable branch contains a condenst‘r of fixed capacitance, 
instead of a fixed inductance, the locus of the joint impedance 
vector is the semicircle AOC, the pole being at 0, as before. 

The vi‘Ctor, OB, Fig. 56, representing the joint admittance, also 
rej)resents th(‘, line current to a scale E times the admittance scale, 
where E is the line voltage. Moreover, the vectors OA, A B, 
r('})resent the? branch currents, /j, 1 2 , to this scale. Thus, by a 
suitable change of scale, an admittance diagram is converted into a 
current diagram. 

Determination oi the Diagram for the Joint Impedance. Since the 
reciprocal of admittance is equal to impinlance, the inversion of 
the locus of the joint admittance vector, in Fig. 56, will give the 
locus of the imago of the vector of the joint impedance. Now the 
inversion of a circle with respect to a pole, or centre of inversion, 
external to the circle is another circle having its ctmtro on the line 
joining the pole and the centre of the original cirde. The position 
of the c(intre of this new circle is determined from the condition 
that the common tangent drawn from the pole to both circles must 
be divided at the points of contact such that the product of the 
lengths from the polo to the point of contact of each tangent must 
be equal to the inversion constant, Ki^ 
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Proof. Let ABCD, Fig. 67, be a circle of which an inversion is required 
with respect to the polo, or inversion centre, O. From 0 draw the tangent OA 
and divide it at such that OA.OA^ is equal to the inversion constant, K^. 
At Aj draw a perpendicular, to meet the line joining the centre of the 

circle ABCD and the polo 0, Then the point of intersection, Qi, is the 
centre of the circle which is the inversion of circle ABCD. 



From O draw any line, sucdi as OBDD^By^ to cut both circles at points 
/>, /?, i?!, Di. Join ADy ABy A^B^y A^Dy. Then AD is parallel to AyBy\ 
AB is parallel to AyDy. Therefore triangles OADy OAyBy are similar; 

also triangles GAB, 0.4, i), are similar. 
Hence 00 : OA --- 07?, : OAyi OB ; OA 
~ 0J)y : 0.4,. Whence OB.OBy 
OD.ODy == OA.OAy. PointsA, J,; By 



Fici. 68. Impedance Diagfiam 

CORBESPONDINO TO ADMITTANCE 

Diagram of Fig. 66 


By'y Dy Dy ; arc therefore inverse 
points, and the arc A7?0 is inverse to 
the arc AyByCy, Similarly the arc 
AyDyCy is inverse to the arc ADC. 

To construct the impedance 
diagram corre^sponding to the 
admittance diagram of Fig. 56, 
which is reproducjcd with tlio same 
lettering in Fig. 68, draw the line 
OQy joining the centre, Qy of the 
semicircle ACB and the pole 0 : 
draw the tangent OD and deter- 
mine tlu; point such that 
OD.ODy = Ky = Ijmny where 
is the inversion constant and m, 
w, are the scales for admittance 
and impedance respectively. From 
draw a perpendicular to meet 
the line OQy produced, if neces- 
sary, at Qi, which is the centre of 
the inverse circle. 


An alternative method of construction, which does not require a 
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knowledge of the inversion constant and which permits the scale 
for the inverse circile to be selected according to the space available 
and to the diameter required for this circle, is as follows : Join OQ 
and produce to the circumference of the admittance circle ABECF. 
Measure the lengths of the intercepts OF, OE, for the points where 
this line intersects the admittance circle, and calculate from the 
scale for admittance, the values, in mhos, of the admittances thus 
represented. Then the reciprocal of the admittance represented 
by OF gives the maximum value, in ohms, of the joint impedance. 
Hence, select the scale for impedance such that this quantity is 
represented by a vector, OF^, of convenient length. Point F^ is 
therefore inve^Tse to point F. Determine similarly, to the impe- 
dance scale, the point E-^ (on OQ) representing the minimum value 
of the joint impedance, corresponding to the maximum value of 
the joint admittance OE. Hence, points F^y E^, are on the diameter 
of the inverse circle, the centre of which, Q^y is obtained by bisecting 
the line joining F^E^ 

The arc AiB^EiCi is the inversion, with respect to the pole 0, of 
the scunicircle ABEC \ the points A^B^E^C^ being the inverse 
points to ABEC respectively. Thus, as the joint admittance vector 
moves along the semicircle ABEC from A to Cy the image of the 
joint impedance vector moves along the arc A^B-Jil^Ci from A^ to 
Finally, by deUir mining the image of this arc in the first 
quadrant we have the locus of the joint impedance vector. This 
locus is shown in Fig. 68 by the arc A^B^E^C^' . Thus the vector 
OCi represents the joint impedance when the variable resistance, 
jRg) zero, and the vector OA^ represents the impedance when the 
variable n^sistance is infinite. 

Tlio diagram of Fig. 66 has a more extensive application than 
that of obtaining the joint admittance and joint impedance of the 
circuits represented in Fig. 66. We shall show in the following 
chapter that all quantities relating to the performance of the 
circuit when the resistance R^ is varied may be obtained from this 
diagram. 


Worked Examples on Series and Parallel 
Circuits ' 

General Remarks Concerning the Solution of Problems on Series 
and Parallel Circuits. Series Circuits. In problems on series circuits 
it is necessary to determine the impedance of the circuit for the 
purpose of calculating the current. The calculations are of a 
simple nature and are easily effected by algebraic methods. 
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Thus the impedance of the circuit is given by 

Z = {R^+ (cdL-IIcoC)^} 

where R is the total resistance of the circuit, L the total inductance, 
and C the total capacitance. 

The current is given by 

/ = EjZ, 

and the phase difference between terminal E.M.F. and current is 
given by 

(p = tan'^(miy - l/ft>C')/jR, 
or by (p ^ cos'^JS/Z. 

In conn(‘xion with the first expression for the phase difference , 
it should be observed that a plus (+) sign for (p, corresponding to 
wL > 1 IcdC, denotes “ lag,” and a minus (-) sign, corresponding 
to (oL < 1 /coC, denotes “ load,” of the current with respect to the 
impressed E.M.F. 

When the second expression, or cosim), is used for obtaining (p, no 
indication is given as to whether the current is leading or lagging 
with respect to the impressed E.M.F. In this case it will be neces- 
sary to determine whether coL > < 1 /coC. Hence when the actual 
angle (p is n^quired it should b(^ calculated from the “ tangent ” 
expression, but when only the power factor of the circuit is required, 
the “ cosine ” expression should be used. 

For the special easels of scries circuits the equations — sonu^ of 
which were deduced in Chapter III — follow directly from the 
general equation and arc tabulated below^ — 


SiKJclal Case. 

Impedance. 

Current. 

Tan (p 


R only 

R 

EIR 

0 

0 

L only 

coL 

ElioL 

a 

90“ (lag) 

C only 

IftoC 

wCE 

-a 

90“ (lead) 

R and L in sorios 

Vil^ \ to^L*) 


wLIR 

0 <90® (lag) 

R and C in series 

V{R*-\ (l/coC’)®} 

ElViiH^ + (l/coC)*) 

- MmCR 

>0<90® (lead) 

L and (7 in series 

V(a)L - 

ElVicoL-lfcoC)* 

cx or 0 

± 90° or 0, according 
to whether 
coL> ^ <lfu)C 


Parallel Circuits, In the majority of problems on parallel circuits 
it is generally simpler to obtain the line currtmt from the joint 
admittance of the circuits rather than from their joint impedance, 
and in these cases the results are best calculated by the symbolic 
method. 
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The numerical value of the joint admittance is given by 

Y = a/{(«i + + • -r + + B,+ . .)*( 

where G^t G^ . . B^, . . . are the conductances and 

admittances, respectively, of the several branch circuits. 

The line current is given by 

I == EY, 

and its phase difference with respect to the impressed E.M.F. is 
given by 

q) =■ tan’^(^i + -62 + -®3 + • + ^2 + ^8 "!"••)• 


Series-parallel Circuits. In all problems on series-parallel circuits 
the parallel portions of the circuit are treat'd separately and the 
joint impedances determined. The series- j)arallel circuit is then 
replaced by an equivalent series circuit and the total impedance 
is readily determined. 

Example 1. A coil liavmg a reaistanco of 5 ohms and an indiictanco of 
0*02 honry is arranged in jjarallel with another coil having a resistance of 
1 ohm and an inductance of 0*0811. Calculate the current flowing through 
oatdi coil when a pre.s8ure of 100 volts at 50 cycles is ajiplied to them. Find 
the total currorit passing, and estimate tho resistance of a single coil which 
w'ill take the same current at tho same power factor. [L.IJ.] 

Solution by the Trigonometric Method 

The steps in this metliod of solution are — 

1. Calculate the current in each branch of the j)arall(4 (iinniit, and the 
phase difference between each of these currents and the impressed F.M.F. 

2. Comjiound those currents to obtain the lino current, dot(3rmining also 
Its pow-cn- Hiid energy cornijonents. 

.‘1. Calculate tho joint impedance of the parallel circuits. 

4. T}ienc<\ from tho impedance and the jiowi^r and w'attless corn])onents 
of the lino current, detorniino tho resistance and reactance of tho single coil 
which w'ill take tho same current, at tho same power factor, as the parallel 
circuit. 

Thus, tho impedance of the 5 0*02 H. coil is 

+ (314 X 0*02)2) = 8*02 n. 

Whence, - 100/8*02 = 12*46 A. 

cos 7^1 = 5/8*02 0*624 

sin 75 , = XjZi -= 314 X 0*02/8*02 - 0*783 

Tho impedance of the 1 Q. 0*08 H. coil is 

+ (314 X 0*08)2] - 25*12 a 
Whence - 100/25*12 = 3*98 A. 

cosT^a - -- 1/25*12 = 0*0398 

sin 7^2 == X^IZ^ == 314 X 0*08/25*12 = 1*0 approx. 

The lino current is 

I = ^/(A^ I' ^ 2 ^ + 2 / 1^2 cos (7?a- fpi) = A., 

and tho joint impedance of the parallel circuit is 
Z ^ 100/15*85 6*31 O. 
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Power component of lino current = 1 cos cos (p^ -|- cos 

= 12-46 X 0-624 + 3-98 X 0-0398 
= 7-94 A. 

Wattless component of lino current = 1 sin q> ^ sin + ^2 9^2 

= 12-46 X 0-783 + 3-98 X 1-0 
= 13-74 A. 

sin (p ^ I sin (pjl = 13-74/15-85 = 0-866, 
and cos (p = I cos (pfl ~ 7-94/15-86 — 0-5. 

Now if R and X are the resistance and roactance, respectively, of the 
single coil, wo have 

R = Z cos (p 

= 6-31 X 0-5 -= 3-16 fi. 

X ~ Z sin (p 

= 6-31 X 0-866 = 5-46 Q. 

Whence, L = 5*46/ (Stt X 50) 

= 0-0174 H. 

Solution by the Sytnbolic Method. 

Taking io == 27r X 50 -= 314, the admittance of the 5 fl. 0-02 H. coil is 
5 ./ 314 X 0 02 \ 

• ' 5‘* -f (314 X 0-02)2 7 |3i4 ^ 0-02)*/ 

=« 0 0777-j 0 0975 

Whence, 7^ - V(0*07772 + 0-09752) .. 0-1246 mho. 

The admittance of the 1 O. 0-08 H. coil is 

1 ./ 314 X 0 08 \ 

• " 12 4- (314 X 0-08)2 Vl** + (314 X 0-08)2/ 

== 0 00158 0 0397 

Whence, Y, = V (0-001582 + 0-03972) = 0-0398 mho. 

Hence, the joint admittance of the two coils connected in parallel is 

Y Y,+ Y, 

-= {0 0777 + 0 00158) -j{0 0975 + 0 0397) 

= 0 0793- j 01372 

Whence, 7-- V(0-07932 + 0-13722) = 0-1585 mho. 

The branch currents are 

ii 100 7i = 12-46 A., 

= lOOTg - 3-98 A., 
and the lino current is 

/ = 1007 = 15-85 A. 

The admittance of a single coil which will take this (line) current at the same 
power factor must equal the joint admittance of the above coils connected in 
parallel. 

Hence if O and B denote the conductance and susceptance, respectively, of 
the coil, 

7 = O-jB 0 0793 ^j01372 
Whence. 6 ^ 0-0793 
B ^ 0-1372 

7 = V (0-07932 -f 0-13722) = 0-1584 
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Now Q ^ RI{Ri + X*) ; B = XI{R^ -f X*) 


and O* -f 


y* 


___ -Y* 1 

{R^ + (R^ -f X“)“ R- -f X^ 


From theso equations we obtain 

= l/ya RIO - XIB. 

U = OIV^ 

= 0-0793 /O- 15842 
-■ 3-lGa 
X -- -B/y* 

0-1 372/0- 15842 
= 5-46 0. 

L = 5-46/ (27t X 50) 

= 0-0174 H. 


Example 2. If an incluctivo rosistaiic-o. 
henry, is connected in series with the 
circuit of the inductive coils in Example 
(1) ahov(‘, to what value must the line 
voltage be raised in order that the currents 
through those cods may be the same as 
in the above case, the frequency being 
n-rnaining im changed ? What will be 
the resultant power factor uniler theso 
conditions ? 

Adopting the values of 3-16 Cl. and 
5-46 n. obtained above for the joint re- 
sistance and i-eactarute, respectively, of 
the para] lcl-conne<’ ted inductive coils, 
the series-parallel circuit of this example 
may therefore be re])lacod by an equivalent series circuit having a total 
resistance <if 

3-16 + 2 ■= 5-10 Q., 

and a total react ance of 

5-46 -f (27T X 50 X 0-005) - 7-03 Q 
Hence the total impedance — y/fo-lG® + 7-03^) = 8-72 i’2. 

Therefore the impressed E.M.F. = 15-85 x 8-72 138-2 V. 

Resultant power factor — 8-72/^(5*162 -f- 7-032) 

= 5-16/8-72 = 0-592. 


for winch R = 2 ohms, L =0-005 


D 



Fig. 59. Cincurr Diagram for 
Worked Examflk No. 3 


Example 8. The circuit shown in Fig. 69 consists of throe parallel 
branches A, B, C. the branches A and B being connected to branch G through 
an inductive resistance D. Determiiio the current in each branch circuit, 
til© line current, the resultant jinwer factor, and the power supplied to the 
circuits. Branch A consists of a condenser of 10 //F. cajiacit^co in series with 
a resistance of 50 D ; branch B consists of an inductive resistance, for which 
ft = 25 Q, L = 0-35 H. ; branch C consists of an inductive resistance, for 
wliich ft ~ 45 Q. L --- 0-02 II. The series inductive resistance D has a 
resistance of 12 11 and an inductance of 0-05 H. The suiiply pressure is 
220 V. and the troquency 60 cycles per second. 



112 


ALTERNATING CURRENTS 


Denoting the admittances of the branches B, O, by Y * respec- 
tively, and the conductances and susceptances by and ^0* 

respectively, wo have 




60 

502 + (10«/314 X 10)2 


0-482 X 10-2 


^0 

^A 


25 


262 + (314 X 0-35)2 
45 

452 + (314 X 0-02)2 
10«/(314X10) 


502 + (10V(314 X 10))2 


= 1-965 X 10 2 
= 21-8 X 10-2 
- - 3-07 X 


10-2 




314 X 0-35 
252 + (314 X 0-35)2 
314 X 0-02 
452 4- (314 X 0-02)2 


= 8-65 X 10*» 
= 3-04 X 10 » 


Whence, 0^-jB^ == 0^482 X 10^ j3‘07 X 10 ^ 

Fb = X lO^-jO OS X 10 2 

Fa + b = {0 482 + 1 - 965)10 ^- j{8 65 -3 07)10 ^ 

- 2-447 X 10 ^^j5-58 x 10 ^ 

The joint admittance, Fj, of the serh^s-parallel branch ABD is therefore 


' 4- (1/Fa+b) '■ i- C^liO-jB) 


^ 1 

Qs |.^2 ^ 

where O ami B are the joint conductances and susceptances, rosi)ectively, of 
the parallel branches A and B, and Bp, Xp, are the resistance and reactance, 
respectively, of the series portion, D. 

Substituting numerical values for these quantities, we obtain 


O 

0^+B^ 


= 05-9 


_JB^ 
(?2 + B2 


150-3 


{12 + 65-9) -I 7(314 X 0 05 + 150-3) 77-9+jl66 

77-9 . / 166 \ 

77-9M- leo* ^\77-»2 + 10U«/ 

= 2-3iS X 10 >-j4-93 X to * 


Whence the joint admittance of the complete circuit shown in Fig. 69 is 
F = Fi + Fq = {2-315 X 21-8)10^ -j{4-93 x 3-04)10^ 

=- 24-115 X 10^- j7-97 X 10 ^ 

Therefore the line current = 220. F 

= 2207(0-0241* 4- 0-007972) = 5-59 A. 

=*= 0-0241/7(0*02412 + 0-007972) = 0-95 (lagging) 
= 220 X 5-69 X 0-95 = 1169 W. 


Power factor 
Power supplied 
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Current in branch C 220. 

= 220V(0*0218* + 0-00304*) = 4-84 A. 
Current (/j>) in the series -parallel branch ABD 

= 220. r, 

= 220v/ (0-0023* + 0-00493*) == 1-2 A. 
Potential difference across the parallel -connected branches A, B 
=- 220 

= 220 ^[{220 X 10 ^(2-315 -j4-93)) 

{12 -i-j {3 14 X 0 05) 

= 220 - {23-13 -jS) 

= 197 -f jS 



Fig. 60. Circuit Diagram of Wheatstone Bridge for Alternating 
Current Measurements 


Current in branch A — ~ Y ^{197 + ^5) 

-- {0-482 X 10 * + j3-07 X 10 *) {197 + j5) 

= 0-079 + jO-607 
= v'(0-079* + 0-007*) 0-012 A. 

Current in branch Ji — /« Y^{197 j 5) 

{1-965 X 10 ^-j8-65 x 10 ^){197 + j5) 

- 0-43-jl-695 

^(0*43* 4- 1-695*) = 1-75 A. 

[Note. — All currents are referred to the lino voltage which is considered as 
the vector of reference. ] 

Example 4. The arms of a Wheatstone bridge, taken in order, consist 
of (i) a condenser shunted by a non-inductive resistance, (ii) a non-inductive 
resistance, (iii) an inductive resistance, (iv) a second non-inductive resistance. 
The bridge is supplied with alternating current of sine wave-form and a 
telephone is used to indicate balance. Find the conditidn for which there 
will be no sound in the telephone. {L.U,) 

[Note. — The Wheatstone bridge adapted for alternating currents is 
employed in practice for measuring inductance, capacitance, and dielectric 
losses at commercial and liigher frequencies. A telephone may bo used as 
a detector for balance at audio-frequencies (800 to 2000 cycles), but for 
other frequencies a vibration galvanometer must be employed. 

The circuit of the bridge is represented in Fig. 60. 

9 — ( 7 . 5245 ) 
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In balancing the bridge the currents in the adjacent arms must be adjusted 
to equality of phase as well as magnitude. Therefore when the bridge is 
balanced the ratio of the impedances of the several arms must be the same 
as that of the resistances of the corresponding arms in a bridge supplied with 
steady currents. Hence if Z,, Z,, Z3, Z4 denote the impedances of the arms 
AB, BC^ CDy DA, respectively (Fig. CO), the condition for balance is 


Now = — 


- Z Tig + jcoL ; Z4 = /?4, 


+:icoO 


fj — — \ (/(, + wr.) - 


/i + JojL = 




For this equation to be true we must have equality between both the 
in-phase and quadrature parts. Thus 


or 


J?s =-" HzDJR^ 
R, R, 


which is the condition for balance with steady currents. 


Also 


(dL = wCR^Ri = (oCR^R^ 


Now i&n'hoLIR^ is the phase difference, when the bridge is balanced, 
between the impressed E.M.F. and the current in the) branches (WA ; and 
tan'VoCVfj is the phase differonce between the impressed E.M.F. and the 
curr(*nt in the branch A BC. Therefore the bridge is balanced for magnitude 
and phase. 


Example 5. A parallel circuit consists of two branches ; one branch 
contains a fixed impedance (24 ; the other consists of a variable 

inductive resistance, of wliich the reactance is constant and equal to 10 Q., 
and the resistance is variable betw’een 1 and 60 O. Determine (1 ) the varia- 
tion of lino current, (2) the variation of the joint impedance, when the 
resistance is varied and the circuit is supplied at a constant pressure of 
100 V., 50 frequency. 

This problem will be solved graphically in order to illustrate the application 
of the principle of inversion. A reproduction, on a considerably reduced 
scale, of the diagram for the complete graphical solution is shown in Fig. Gl. 
and the student is advised to re-draw this diagram, step by step, as explained 
below, on a sheet of drawing paper (half imperial size). 

The steps in the construction are — 

Draw rectangular axes XOX, YOY. Select the scale for impedance as 
1 cm. “■ 1 ohm, and draw in the first quadrant the vector 0^4 having a length 
of 24 cm. and inclined at an angle of 30'^ to the horizontal axis. OA therefore 
represents the impedance of the non- variable branch. The admittance of 
this branch = 1/24 = 0*04 17 mho, and therefore a convenient scale for 
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admittance will be 1 cm. = 0*005 mho. Divide OA at A' such that OA' 
= 0*0417/0*005 = 8*34 cm., and determine the image, B, of A\ Hence, 
OB will represent, to a scale of 1 cm. = 0*006 mho, the admittance vector 
corresponding to the impedance vector OA» 



Fig. 61. Quaphical Solution to Example No. 5 


Neglecting for the moment the limits of the resistance of the variable 
branch, the admittance of this branch is 1/10 = 0*1 mho when R = 0, and 
is zero when R = cc. Hence from B draw BC parallel to the vertical axis, 
and of length = (0*1/0*005 = ) 20 cm., to represent the admittance of the 
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variable branch when /? = 0. Upon BC describe a semicircle, BCG, the 
centre of which is at Q. Then this semicircle is the locus of the admittance 
vector, drawn from B, for the variable branch circuit when the resistance is 
varied from zero to infinity. 

To determine the positions of the vector for different values of the variable 
resistance we must determine the inversion of semicircle BGO with respect 
to the pole B. Now the inverse point corresponding to C lies along BG, or 
BG produced, the actual position of the point depending upon the scale 
adopted for resistance. For the present purpose adopt a scale such that 
1 cm. = 2 ohms. Then the inverse point corresponding to C is at //, a 
distance of 10/2 = 5 cm. from B The inverse point corresponding to B lies 
at an infinite distance along a perpendicular drawn through H. Draw this 
perpendicular, HK, of length equal to 50/2 = 25 cm. (representing the 
maximum value of the variable resistance) and construct upon it a scale to 
represent values of resistance from 1 to 60 O. Joint point 1 on this scale to B 



(o) (6) 

Fig. 62. Circuit and Vector Diagrams for Worked Example No. 6 

and produce so as to cut the semicircle BGC at 1. Similarly, join point 50 
on the resistance scale to B and obtain the point 50 where this line intersects 
the semicircle. Then the arc I G 50 is the locus of the admittance vector 
for the variable branch when the resistance of this branch is varied between 
1 and 50 ohms. Vectors drawn from O to the points 1 and 50 represent the 
joint admittance of the parallel circuit whi*n the resistance of the variable 
branch has valutas of 1 and 50 respectively. 

The joint admittance corresponding to any other value of resistance, say 
10 is obtained by first joining the ajipropriate jioint (10) on the resistance 
scale to B, determining the intersection of this line with the semicircle 
BGC, and then joining the latter point (10 on semicircle) to O. The lino 
0-10 represents the joint admittance, and the value of this quantity is 
obtained by multiplying tlie length of this line by the appropriate scale. The 
lengths of the joint admittance vectors corresponding to various values of 
the variable resistance are given in tabular form below. 

The line current is obtained by multiplying the joint admittance by the 
line pressure (100 V.). 

To obtain the joint impedance graphically we must determine the inversion 
of the arc 1 O 50 with respect to the polo (), Thus, join OQ and produce so 
as to cut the semicircle GGB, produced, at D and E. Measure the lengths 
OD and OE, which should be 5*91 cm. and 25*9 cm. respectively. Now OD 
represents an admittance of 5*91 X 0*005 — 0*0295 mho, and OE represents 
an admittance of 25'9 X 0*005 0*1295 mho. The values of the irniiedances 

corresponding are therefore 1/0*0295 = 33*83 ohms and 1/0*1295 = 7*72 ohms 
respectively. These impedances are represented on the original impedance 
scale (viz. 1 cm. = 1 ohm) by OD^{— 33*83 cm.) and OEi{~ 7*72) cm., both 
points D, and E^ lying in OQ or its extension. The diameter of the inverse 
circle is therefore equal to DjEj, and its centre is at In Fig. 61 only a 
portion of this circle is shown, and the arc corresponding to the inversion of 
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the arc 1 G 50 is shown in full line. This arc is the image of the locus of the 
impedance vector when the resistance of the variable branch is varied between 
1 and 50 ohms. By transferring this arc to the first quadrant the impedance 
vectors and their loci are shown in the correct position with respect to the 
vector of reference. 

The lengths of the impedance vectors corresponding to values of the 
variable resistance between 1 and 60 ohms inclusive, and the values of 
impedance deduced therefrom are given below — 


(ohms) 

1 

2 

3 

4 

5 

6 

8 

10 

15 

20 

SO 

40 

50 

Length of Joint 
admittance vec- 
tor (cm.) 

26*68 

25-84 

26-86 

25 6 

26-14 

24-9 

23-56 

22-28 

10-4 

17-25 

14-55 

13-05 

12-06 

Joint Admit- 
tance (mho.) 

0-1284 

0-1292 

0-1293 

0-128 

0-1257 

0-1245 

0-1177 

0-1114 

0-097 

0-0862 

0-0727 

0-652 

0-602 

Line current 
(amp.) 

12-84 

1202 

12-93 

12-8 

12-57 

12-45 

11*77 

11-14 

9-7 

8-62 

7-27 

6-52 

602 

Length of joint 
impedance vec- 
tor (cm.) 

7-78 

7-74 

7-73 

7-8 

7-97 

8-03 

6-48 

8-98 

10-3 

11-6 

18-8 

15-3 

16 6 

Joint impe- 
dance (ohms) 

7-78 

7-74 

7-73 

7-8 

7-97 

8-03 

8-48 

8-98 

10-3 

11-6 

13-8 

15-8 

16-6 


Example 6. One branch of a parallel circuit contains an inductive coil; 
the other branch also contains an inductive coil in series with which is con- 
nected a condenser of adjustable capacitance and an adjustable non-inductive 
resistance. Determine the values of capacitance and resistance such that the 
currents in the inductive coils are equal and have a phase difference of 90® 
with respect to each other. The circuits are supplied at constant voltage 
and frequency, and the wave-form of the E.M.F. is sinusoidal. 

A diagram for the circuit is shown in Fig. 62 (a), and a vector diagram 
showing the required conditions is shown in Fig. 62 (5). 

Adopting the symbols shown in Fig. 62 (a), we must have, for the above 
conditions to be satisfied, 

(i) Ji = /j, or Zj = Zg 

(ii) 7j -- or - tan <pi — cot 
Now 

and ZjS (A*, -f A)= + ((oLj- l/w(;)2 

Hence, from (i), 

Aj* + = (A, f A)* H- (toA* - l/wC’)* 

,. 0 . =(«» + 

whence Ai*-(A 2 -f- A)*}+ 2L^C - (I/w*) — 0 . (o) 

From (ii). we have 

where (?,, 0^, By, are the conductances and susceptances respectively, of 
the branch circuits. 

Hence, Qy -jBy ~ jQ 2 + B^ 

i.e. Qy ; G, = - By 

Ey _ X2 Ry R _ 


or 
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“““ 

i.o. 4“ ~ *” ■^1-^2 ~ c<>i/2 4“ ^jcoC/) 

from which wo obtain 


{R, + R) 




Substituting this vaJue of {R^ -|- R) in equation (a) and ro-arranging terms, 
we have 

c- + + c + ,)j . 0 

from which C can be calculated when tho constants of the inductive coils 
are known. When G is determined, the value of R is obtained by substituting 
in equation (6). 

Whence C _ ~ 

co^{{W--W)-f'2H(^LjR,r] ^ R,^ * • 

If Li = Lj =• 0*2 H., Ri ~ R^ — 10 0., and o) == 314 ; then, on sub- 
stituting those values in equations (c) and (6), we obtain 0 ■ 43' 7 /uF., 
R -- 52*8 f}. 

A check against these values for C and R is obtained by calculating the 
impedances of the branch circuits. Thus 

Zi = ^(^4- V[10H(314 X 0*2)2] =y'(l02.f 02-82) 70-3 fl 

Zi « V'{(^^24-i?)*4-(wL2-l/coC')2]-\/{{10+52-8)2-[-(3l4x0-2-10V314 

X 43*7)2} 

= V(«2-82 + 102) = 70*3 0. 

= te,n‘^a)LJRi tan'J(314 X 0*2/10) === 80*9® 

.-= tan-> ^ tan - (314 X 0-2) - I0«/(3I4 x 43-7) 

4- A! 10 -f- 52*8 

= tan-i- 10/62*8 = -O-l*^ 

(fi-qji = 80*9® 4- 9*r - 90®. 


[Note. — This method of obtaining a phase difference of 90° between currents 
in tho two branches of a parallel circuit is called “ phase sjditting ” ; it has a 
number of practical applications, an important application being in the 
phase-shifting transformer for use with the alternating-current potentiometer.] 



CHAPTER VII 

CIRCLE (OR LOAD) DIAGRAMS FOR SIMPLE CIRCUITS 

The load diagram is an extended vector diagram and is so called 
because all quantities relating to the circuit (such as current, 
pressure, power, power factor), as well as the performance of the 
circuit (i.e. voltage regulation, efficiency, and losses) can be obtained 
by graphical construction. 

The load diagram for a circuit is construcU^d from the no-load 
and short-circuit diagram for that circuit, and the latter is obtained 
from the admittance diagram by a suitable change of scale (see 
p. 105). In order that the final diagram may appear in a con- 
venient position the admittance diagram is drawn in the first 
quadrant, instead of in the fourth quadrant, as hitherto, and the 
vector of reference is vertical. Impedances, or, more correctly, 
their images, therefore appear in the same quadrant as admittances. 

In this chapter we shall deduce load diagrams for series, parallel, 
and series-parallel circuits, but as the no-load and short-circuit 
diagram for the parallel circuit has already been deduced (p. 104), 
the load diagram for this circuit will be obtained before considering 
series and series-parallel circuits. Moreover, th(5 load diagram for 
the parallel circuit is more easily deduced than the diagrams for 
the other types of circuits. 


Parallel Circuits 

Load Diagram for a Parallel Circuit Containing Variable Impedance 
in One Branch. Let the variable impedance consist of a constant 
reactance and a variable resistance. The admittance diagram 
for this circuit is shown in Fig. 66, p. 104, and was constructed 
with the vector of reference (i.e. the vector of the impressed E.M.F.) 
horizontal. If the diagram be reconstructed as a current diagram, 
with the vector of reference vertical, we obtain the diagram shown 
in Fig. 63. In this diagram the point (corresponding to = oc) 
is called the no-load point, and the point (corresponding to i ?2 = 
is called the short-circuit point. The line currents corresponding to 
these points are represented by 01 ^ and and are called the 
no-load and short circuit currents respectively. Any intermediate 
point O on the semicircle corresponds to a particular value 
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of the variable resistance intermerliate between zero andoc, and 
the vector OG represents the line current under these conditions. 

The Complete Performance of the Circuit (e.g. the current, power 
input, power factor, and losses) may be obtained graphically as 
follows — • 

The line current ^ /, as already shown, is represented by the 
vector drawn from 0 to the semicircle ; the angle which this 



Fin. 63. Load and Ctrcittt Diagrams for a Simple 
Parallel Circuit 


vector makes with the vertical axis is equal to iho phase difference, 
(fy between line current and impressed E.M.F., and the cosine of 
this angle is equal to the power factor of the circuit. Hence if a 
quadrant ABC be drawn with 0 as centre, and the vertical radius 
OA be divided into 100 equal parts, then the vertical projection of 
the point of intersection of any line-current vector with the quadrant 
gives the power factor as a percentage. Obviously the power factor 
attains its maximum value when the line -current vector is tangential 
to the semicircle 

The current, /g, in the branch of variable impedance, corresponding 
to any particular value of resistance, is represented by a chord in 
the semicircle, the chord being drawn from 7^ to the appro- 
priate point, say 6r, on the circumference. 

The power, P^, supplied to this portion of the circuit is therefore 
represented by the ordinate CD in the semicircle IjQIs. 

The power factor, cos (p 2 , of this branch may be obtained from 
the quadrant ABC and scale OA, by drawing through O a parallel 
to If,G, and projecting the point of intersection, G\ on to the 
scale OA, 

The power, Pj, supplied to the non-variable branch is represented 
by the vertical distance, DF, between the horizontal axis and the 
diameter, /o7„ of the semicircle IjCI,, 

The U)Uil power, P, supplied to the circuits is represented by the 
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ordinate, GF, drawn from the horizontal axis to the circumference 
of the semicircle. Since in this case the whole of the power 
supplied is expended against losses the ordinates representing 
power will also represent the losses in the circuits. 

The scale for the power ordinates is readily obtained from the 
scale of the current vectors. Thus if these vectors are drawn to a 
scale of 1 cm. = p amp., the current corresponding to a vector of 
length OG cm. is OG.p amp. If is the line voltage and cos q) 
the power factor, the power supjDlied is equal to EJ cos (p. Now 
the ordinate GF^ corresponding to the vector OG, has a length 
equal to 0(7.cos p, cm., and represents the power E.Icos (p. Hence 
the scale of the power ordinates, viz. 1 cm. — q watts, must be such 
that q.GF ~ E.lcoa cp, i.e. q(OG.coBq)) ~ E(p.OG)coB 9?, whence 
q = p.E, or 1cm. = p.E watts. 


Series Circuits 

Load Diagram for a Series Circuit Containing Both Fixed and 
Variable Impedance. Two cases of series circuits mil be considered, 
viz. (1) a circuit in which the variable impedance consists of a non- 
inductive resistaiKJc, (2) a (jircuit in which a constant ratio exists 
between the resistance and reactance of the variable impedance, 
i.e. the power factor is constant but is less than unity. These cases 
have a practical application, as the conditions are representative 
of a simple transmission line supplying power to a single load of 
variable magnitude but of constant power factor, which may be 
either equal to, or less than, unity. 

The circuit diagrams are shown in Fig. 64(a) and (6). In these 
diagrams the fixed impedance, Zj, represents the impedance of 
the transmission line, and the variable resistance, Ro, Fig. 64(a), or 
the variable impedance, Zg, Fig. 64(6), represents the impedance of 
the “ load,” which may consist of a bank of lamps in the former 
case, and a motor, or other electromagnetic apparatus, in the 
latter case. 

The construction of the no-load and short-circuit diagrams for 
these cases is fairly simple, as only one inversion is necessary, but 
the deduction of the load diagram differs in a number of respects 
from that for the parallel circuit. 

Construction of the Diagram for a Load Having a Power Factor 
of Unity. The “ line ” impedance, Zj, Fig. 64(a), is represented in 
Fig 66 by the image vector OA, the co-ordinates of the point A 
being R^, X^. The “ load ” impedance is represented by a straight 
line, ABoc, drawn upwards from A parallel to the vertical axis. 
If this line is extended below the point A, then the lower portion 
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represents the load impedance for the case when the resistance is 
negative, i.e. when the load consists of a generator c.perating at 
unity power factor. The joint impedance of the circuit, corre- 
sponding to a particular value, jRg* load, is therefore given 

by a vector drawn from 0 to the appropriate point on the line ABcc. 

To obtain the current in the circuit the impedance diagram must 
be inverted with respect to the pole 0. Now the inverse point 
corresponding to A is at A^, in OA, or OA produced, according to 
the scales adopted for impedance and admittance. The inversion 
of the line AB with respect to 0 is a portion of a semicircle which 
passes through the origin (O) and has its centre in the horizontal 
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axis. The diameter of this semicircle corresponds to the inversion 
of OZ), where D is the point of intersection of BA produced, with 
the horizontal axis. Therefore the scale for admittance must be 
selected so as to give a convenient diameter for this semicircle. 

The inversion of the line DAB is thcrc^fore the semicircle OA^H, 
and the inversion of the line DCcc is the semicircle OFHy the 
centre being at Q in both cases. The arc OGiA^ therefore represents 
the locus of the joint admittance vector when the resistance i ?2 
is varied from zero to oc, and the arc OFHA^ represents the locus 
of this vector when the resistance is negatives and is varied between 
zero and cc. By a suitable change of scale these arcs also represent 
the locus of the line current when the resistance is varied, 0 being 
the no load point (corresponding to ^ current) 

and Ai, the short-circuit point (corresponding to Jf ?2 =0). 

The performance of the eifeuit is obtained from the diagram as 
follows — 

The line current, corresponding to a particular value, R^, of the 
load resistance (which is represented by AG on the resistance 
scale) is given, on the current scale (which is E times the admittance 
scale, E being the line voltage), by the length of the chord, OG^, 
drawn from 0 through G, G-^ being the inverse point to G. 

The phase difference between line current and impressed E.M.F. 
is given by the inclination of OG^ to the vertical axis (which contains 
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the vector of the impressed E.M.F.). The power factor may 
therefore be obtained directly by constructing a power -factor scale 
and quadrant, as shown in Fig. 63, and projecting the point of 
intersection of the current vector and the quadrant on to this 
scale. 

The poiuer taken from the supply system is given, on the power 



Fio. 05. Load Diagram for a Series Circuit [Fig. 64 (a)] having 
A Variable Load of Unity Power Factor 

scale (which is E times the current scale), by the ordinate, G^M of 
the appropriate current vector. 

The power sujjplied to, and utilized by, the load is represented by 
Gt^N, and that expended in losses in the line is represented by NM, 

Proof. Tlio diameter, OTI^ of the current semicircle OG^AjH corrosjionds 
to ft current where is the roactftnre of tho “line.” Hence, 

if the scale for current is 1 cm. -- p amp., the length of OH (in cm.) is equal 
to t„Jp “ EjXip. Similarly the length of any radius -vector, such as OGi, 
drawn from O to the semicircle, which corresponds to a current of /, is 
7 jp cm. 

If X. y, are the co-ordinale.s, with re.spect to rectangular axes passing 
through the origin O, of any point, on the semicircle, tho equation to 
tho circle is 



since the co-ordinates of the centre of the circle are — EI2Xj), y^, 0. 

Whence rr* + 2/® = ^i^lX^p), 

i.e. 00,^ = x{EIX,p). 

Now if (p is the inclination of OGi to the vortical axis, the ordinate at O, 
is given hy O^M ^ y — OOi.cos rp = (Up) cos (p. Multiplying each side by 
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the line voltage, we have E.Q^M = {El cos (p)lp, whence pE.Q^M = El 
cos q>. Therefore the ordinate represents the power taken from the 

supply system to the scale 1 cm. = pE watts. 

The power, supplied to the load is given by 

= El cos g) - 

= pE.O^M ^pm^{xEIX^p) 

--- pE.O^M -pEx cot (p^ 

= pE.G^M -pE.MN 
- pE.G^N 

i.e. for any current reprosontod by 00^ the power supplied to the load is 
represented by the intercepted length of the ordinate at this point between 
the semicircle and the straight line joimng the origin and the short-circuit 
point, the scale being 1 cm. = pE watts. 

The line OAi is therefore the datum line from which the output power, 
Pg, is measured. Similarly the line O//, i.e. the abscissa axis, is the datum 
line from which the input power, and the losses are measured. 

The losses are also represented, for any particular value (such as OGi) 
of the line current, by the perpendicular distance of that point from the 
vertical axis (i.e. by the abscissa of the point Gj), but in this case the scale is 
1 cm. = {pE.cot q)g) watts. 

The maximum power taken from the su2)ply system is represented 
by the Tnaximuni ordinate, QJ^ in the semicircle, and the maximum 
power supplied to the load is obtained by drawing a tangent parallel 
to the short-circuit lino (OA^) and determining the length of the 
intercept, between the circumference and the short-circuit line, of 
the ordinate drawn from the point of contact of the tangent. 

The efficiency of the circuit — i.e. the ratio : (power supplied to 
the load /power taken from the supply system) — is given by the 
ratio G\NIGiM. Instead of calculating this ratio for each value 
of the current the efficiency may be obtained directly as follows — 

Draw through the point -4^, a perpendicular A^K, to the vertical 
axis and divide this into 100 parts, placing the zero at A^^. Then 
the point, S, at which the current vector, intersects this scale 
gives the percentage efficiency directly. 

Proof. From iS', the point of intersection of OG^ (or OQ^ produced) with 
draw the ordinate SIJ, and lot T be the ]>oint of intersection of this 
ordinate with the short-circuit lino, OA^. Then, since SU ~ KO, we have 
the following pairs of similar trianglo.s — • 

triangle Gj!^0 is similar to triangle *ST0, 
triangle O^MO is similar to triangle SVO, 
triangle A^ST is similar to triangle A^KO. 

Hence, 

Power supplied to load _ 7% _ Q^N ST ST __AyS 
Power taken from supply ~ p ~ ~ SIJ KO A 

i.e. the distance A^S expressed as a fraction of AjK is equal to the efficiency 
of the transmission. Therefore, if A^K is divided into 100 equal parts, with 
zero at A^, the point of intersection of the line OGj, or 00^ produced, with 
this scale gives the efficiency directly as a percentage. 
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Voltage Regulation, The voltage drop in the impedance of the 
line, and the voltage available at the load, may, on the assumption 
of constant supply voltage, be obtained directly from the diagram 
as follows, the proof being given below — 

Join the points A^ and Then the triangle OOiA^ is the 

triangle of voltages for the system ; OA^ representing the supply 
voltage to a scale times the current scale (since at short circuit 
Ig = EIZ^)y representing the voltage drop in the “ line ” to 
this scale, and G^A-^^ representing the voltage at the load to the 
same scale. Hence, since the percentage voltage regulation is 
given by : 100 X (arithmetic difference between “ supply ” and 
“ load voltages /supply voltage), this quantity is represented in 
the diagram by the ratio 100 (OG^ jOA^), where A^Oi\ along Afi, 
is made equal to A^G-^^. 

The phase difference between the “ load and “ supply ” voltages 
IS given by the angle OA^Q^. 


Proof. Let K donoto the supply, or inipressod, E.M.F., Ig the short- 
circuit ourront, <pg the phase ddTerence between E and 7^, and Zj the impedance 
of the lino. Also lot denote tho voltage drop in tho line and the voltage 
at tho load, resjiociively, for a line current 7, which corresponds to a load 
resistance ifj, the phase difference Ijetween this (!urrent and tho impressed 
K.M.F. being q), I'hen, taking the vector of tho impressed E.M.F., OE, 
Fig. 66, as tlio vector of rofcronce and employing the exponential form of 
symbolic notation, we have 

4^1 - 


E 




£ 

Zi 


e-rPg 


I Ie'3<P 


/Zj = le-5(p Zie3(pg - 
Eg = lEg r JPgE ’‘jq> 

Lot tho vector of reference Ido now rotated through an angle q)g in the 
clockwise direction, so that it coincides with tho vector representing the 
short-circuit current, and lot tho scale for the voltage vectors bo Zj times 
that of the current vectors, i.o. 1 crn. = pZ, volts. Then this change of 
position and scale is equivalent to multiplying tho original voltage vectors 
by the quantity l/Zj = (l/ZJe’fg?^. 

' Hence the impressed E.M.F. is now represented by the vector quantity 


E E , 

i.e. by tho vector OAi in Fig. 66. 

The voltage drop in the line impedance is represented by the vector quantity 




El _ IZ^eiiqPg'^) 


== lE’3q> 


ZiE3q>g 

i.e. by the vector 

and the voltage across the load is represented by the vector quantity 


E, 




'(I-)- 


E~j(<p + <Pg 


Zl ~ ZiE^Pg 

i.e. by the vector O V drawn at an angle fp below OAi. 
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Since in triangle OOiA^ the angle OA^Oi ** 9?, the side is parallel to 

OV. Also since Oi is the inverse point to O, and A^ is the inverse point to A^ 
we have OG.OOj = OA.OAit so that triangle OAQ is similar to triangle OA^Gi. 
Therefore 

OiAi : OQi :: GA : OA 
i.e. G^A^ OGi{GA/AO). 

Hence, since GAjAO = rt'presents the quantity 

Therefore the triangle OOiA^ is the voltage triangle for the system, OA^ 
representing the supply voltage, OOi the voltage drop in the line impedance, 
and GiAi the voltage at the load, the scale of these quantities being 1 cm. 
= pZi volts. 

Construction of the Diagram for a Load Having a Power Factor Less 
Than Unity. Let the power factor of the load be cos 972- Then in 
constructing the no-load and short-circuit diagi’am we set off OA^ 
Fig. 66, to represent the image vector of the impedance of the “ line,” 
as before, and from A draw the line ABcc, at an angle to the 
vertical axis, to represent the image vector of the impedance of 
the load. Observe that if the power factor is lagging, (p^ is set off 
in the clockwise direction, but if the power factor is loading, 973 
set off in the counter clockwise direction. 

We now obtain the inversion of the lines OA and ABac with 
respect to the pole 0 . The inversion of the line ^4J5oc gives a 
portion of a semicircle which passes through the origin. The 
centre of this semicircle lies in a line, drawn through the origin, 
perpendicular to ABoz^ and the diameter is obtained in the same 
manner as in the above case. 

The semicircle is shown in Fig. 66 by OG^A-J^ly the centre being 
at Q. The point on the circumfen3nce is the inverse point to A, 
and the arc OO^A^ is inverse to the line ABoz. Thus the arc 
OG^Ay^ is the locus of the joint admittance vector when the load is 
varied from zero to short circuit. By a suitable change of scale 
this arc also will represent the locus of the line-current vectors 
when the load is varied, 0 being the no-load point and A the 
short-circuit point. 

On comparing Fig. 66 with Fig. 66 it will be observed that in 
the former diagram the centre of the semicircle lies in the horizontal 
axis, but that in the latter diagram the lino containing the centre is 
displaced from the horizontal axis by the angle 9)2* displacement 
being in the counter-clockwise (or positive) direction for a leading 
power factor, and in the clockwise direction for a lagging power 
factor. The short-circuit line, OA^, occupies the same position in 
each diagram, if the constants of the “ lino ” are the same for the 
two cases. 

The datum lines for input power and output power are the 
horizontal axis, OX, and the short-circuit line OAy^, respectively. 
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The power input corresponding to a current represented by the 
vector OG^ is given by the ordinate O^M at this point ; the power 
scale being E times the current scale, as in the case above when the 
power factor of the load was unity. The power input is also given 
by the distance, O^M', of the point from the horizontal axis 
measured in a direction perpendicular to the diameter of the 



Fig. 66. Load Diagiiam for a Series Circuit [Fig. 64 (6)J having 
A Variable Load of Constant Power Factor 


semicircle, i.e. in a direction parallel to the tangent at but the 
scale is now (E cos 990) times the current scale. 

The phase difference between the current and the supply voltage 
is given by the angle which the current vector, OG^, makes with 
the vertical axis. 

The power output is given by the portion, G^N'^ of the line G^M' 
which is intercepted between the circumference and the short- 
circuit line OA ^ ; and the losses in the “ line ” are given by the 
portion, N'M\ intercepted between the short-circuit line and the 
horizontal axis, the scale in both cases being {E cos 9^2 ) times the 
current scale. 

The PR loss in the ''line'' impedance^ is given by the perpen- 
dicular distance of the point G^ from the tangent OW . 

The voltage regulation and the voltage at the load are obtained 
as before from the triangle OG^A^ ; OA^ representing the supply 
voltage, OG^ the voltage drop in the line, and A^G^ the voltage at 
the load, the scale in each case being times the current scale. 
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Proof, The line current is a maximuni when the reactance of the whole 
circuit has a value represented by OD, Fig. 66, which is the perpendicular 
distance of the line oc, produced backwards, from the origin O. This 
value of reactance is only obtained practically by operating the load as a 
generator, and is equal to Zx^\r\{q)^- q>^)j where is the impedance of the 
“ line.” Whence the maximum current is = ^/Zj sin{q>g - and the 
diameter of the current circle, for a scale of 1 cm. = p amp. is I^fp = 
EI{pZi 8in(^, - (P2) ). The co-ordinates of the centre of the circle are therefore 

cos (Pi== E cos (pJ 2 pZi Bm{(pg - 95*) ; 

Vc = Hi^ulP) 9>» = - -B sin q),l2pZi 8in(<p, - (p,). 

Hence the equation to the current circle is 


2pZi 8in(^^ - g?2) 

E { 

or a:* 4- t/* = {x -r , 

P^\ ( 


E cos 93a V 4- 4- ^ ****' ^ 

J -t \^y ^ 2pZi 8in(93^ - (pi)/ ~ \ 2 pZi sinitp^ - 93 .) / 

sin 9)2 1 

^sin(93,- 932)J 


cos 9)2 


E 


pZi Biii{(pg^(pi) 


4- y *) . 8in(9) - 932) 


(46) 


whore 93 is the inclination to the vertical axis of the line joining the point x, y, 
to the origin. The loss in the “ lino,” duo to a current which is represented 
by OQi ( = V(®* + 2/*)' whore a;, y, are the co-ordinates of the point (7j), is 
given by 

= ( pE — — * — • ') 0,0 watts, 

\ Bin{q>, - <pt)/ 


where O^C is the perpendicular distance of Oi from the tangent OW, 

Now GiC lsin{<pg - 932) is equal to 0 N\ where N' is the point of intersection 
of the short-circuit lino, OA^, and a line, QiM\ drawn through parallel to 
the tangent OW. Also ON' cos 9?, is the ordinate at N\ Hence the l^R loss 
is also given by 


pE.NM, 

where N is the projection of the point N' on the ordinate, O^M, at O^. 

The pow^er taken from the sppply system is given by El cos 93, or by 
pE.OiMt since O^M — {p.OGi) cos 93. 

Hence the power supplied to the load is given by O^N, the difference 
between Q^M and NM, the scale being E times the current scale. 

Now since the angle MO^M' = (p^ : GiM — G^M' cos (p^ ; O^N = OiN' cos 932; 
NM = N'M' cos 933. Therefore, if the power scale is changed to {E cos q)^) 
times the current scale, the intercepts O^M\ QiN\ N'M\ on a line drawn 
through Gi parallel to the tangent at the origin (i.e. this line is perpendicular 
to the diameter of the circle) give the power input, the power output, and 
the line losses ; the scale being 1 cm. = pE cos (p^ watts. 

The efficiency [i.e. the ratio : (power taken from supply/power supplied 
to the load)] is given by AiSIA^K, where S is the point of intersection of 
OOi with the horizontal line, A^K, drawn through Ai. Thus if from the 
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point 5 a line fSU be drawn parallel to the tangent OW, and if T is the point 
of intersection of this line and the short-rircuit line 0^4 j, then from the 
similar pairs of triangles 0G^M\ OSU ; OG^N', OST ; A^KO, A^ST we have 

Power supplied to load _ G^N' _ ST ST SAj^ 

Power taken from supply ”” G^AI' ~ SU Iw ^ KA^ 

Construction of the Load Diagram from Test Data. The load 

diagrams hitherto considered have been deduced from a knowledge 
of the “ constants ” of the circuit, i.e. the resistance and reactances 
of “ line and the “ load.” But in the case of series circuits of 
the type shown in Fig. 64 it is apparent that the current circle could 
have been drawn if the magnitude and phase of the short-circuit 
current and the power factor of the load had been given. For 
example, the centre of the current circle is obtained quite easily 
by setting off the short-circuit line in its correct position with 
rt‘fcrenc(i to the rectangular axes ; bisecting this line, and drawing 
a iierpendicular to intersect a line drawn through the origin and 
inclined at the angle (p 2 with resjKJCt to the horizontal axis, where 
cos (p 2 is the power factor of the load and th(i angle <p 2 is measured 
in the positive direction when the power factor is leading, and in 
the nt^gative direction when the power factor is lagging. The 
diagram is completed by drawing a horizontal line through the 
short-circuit point and a tangent from the origin to intersect the 
former. The distance between the short-circuit point and the 
point of intersection of the horizontal line and tangent is divided 
into 100 parts, with the zero at the short-circuit point, thereby 
giving the scale for efficiency. The scale for power follows directly 
from the scale for current and a knowledge of the line voltage and 
the power factor of the load. 

In the case of the parallel circuit, the current circle can be drawn 
when the magnitudes and phase differences of the no-load and 
short-circuit currents are known. 

Example. The following worked oxamplo is given to show tho siiii])h(‘ity 
with which the jjerformance of a simple transmission lino can bo obtained by 
moans of the circle diagram. 

A variable load of constant power factor is siiy>]iliod from a generating 
station through a transmission line having an impedance of 1-6 + ^ 1'95 
ohms. The voltage at the generating station is 2200 V, 

UVo cases will bo considered : (1) power factor of loatl 0-9 lagging ; (2) power 
factor of load 0-95 leading. / 

The current circles will be drawn by detomiining directly the vector for 
tho short-circuit current. Thus, since = -v/fl*®* + 1-95*) = 2*52 0, 

7, = £’/Zi = 2200/2*52 = 872 A. (p^ = cos-qi-6/2-52) = 50*6“. 

Selecting a current scale of 1 cm. = 50 A., wo draw the line 0.4 , (Fig. 67), 
17*44 cm. (= 872/60) in length and inclined at an angle of 50*6° to the 
vertical axis, to represent the short-circuit current. 

io~-{T.5245) 
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Draw through the origin lines inclined at angles of - 26-8® 

(= cos’*0*9) and + 18-2® (= cO8‘*0*95), respectively, to the horizontal axis. 
Bisect 0.4 j at F and draw the perpendicular FQgQ^ to intersect the lines 
OHg, at Qg and Qi respectively. Then pj is the centre of the current 

circle when the power factor of the load is 0-9 lagging, and Qg is the centre of 
the current circle when the power factor of the load is 0*95 leading 
The diameters of the circles are 

41*0 cm. (= 1 7*44/sin(50Ti® - 25-8°) for the load of power factor 0*9 (lagging). 
18*7 cm. (= 1 7-44/.sin(50‘6® - 18-2®) for the load of power factor 0'9o (leading). 



Fio. 67. Load Diagram for Simple Transmission Line 


'Fhe circle for the load of Odli) power factor (loading; is shown complete 
in Fig. 67, hut only a j)ortion of the circle for the load of 0*9 power factor 
(lagging) is shown on account of space restrictions. Moreover, only the 
])ortjou.s of both circles which are above the horizontal axis and between the 
Mo-load and sliort-circuit points are rocpiired for the present jiurpose. 

The diagrams are completed liy drawing tangents 0\\\^ Oil j, at tlie origin 
and constructing the efilcionoy scales. To prevent confusion those scales are 
constructed below the horizontal axis. Thus the short-circuit line and the 
tangimts are produced beyond t4io origin, and a horizontal line of any con- 
venient length is drawn between the short-circuit line, produced, and each 
tangent. Each of those linos is divided into 100 equal parts,' as shown in 
Fig. 67. The effiin’ency corre.sponding to a particular lino current is obtained 
by producing the current vector backwartls until it intersects the appropriate 
senie. 

The scale for power may be obtained when Uie method of measuring this 
ipiantity is decided. Thus, if power is measured vertically, the scale is 
K times the current scale — i.e. 1 cm. -- 2200 x 60 = 1 1(),()()0 watts, or 
1 cm. — 110 kW. — for both cases. But if yiower is measured in a direction 
parallel to the appropriate tangent (i.e. in a direction perpendicular to the 
diameter of the appropriate current circle, the scales for the two cases will 
not be the same, being 1 cm. *= 2200 x 0*9 X 50 — 99,000 watts, or 
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I cm. = 99 kW., for the 0*9 powor-factor load ; and I cm. = 2200 X 0-95 
X 50 ■= 104,500 watts, or 1 cm. = 104*6 kW.. for the 0*95 powor-factor load. 

The power and losses are obtained by measuring those quantities in direc- 
tions parallel to the appropriate tangents. For example, when the power 
factor is lagging the input, output, and losses corresponding to the current 
represented by the vector 00^, Fig. 67, are given by GiN^, -ZVjMj, 

respectively, the scale being 1 cm. = 09 kW. Similarly, when the power 
factor is leading, the input, outjiut, and losses corresponding to the current 
reprosentetl by the vector OO.^, are given by respectively, 

the scale being 1 cm. = 104*6 kW. 

The performance of the transmission line, as deduced from the load diagram 
of Fig. 67, is given in Table V, and the results are jilottod in Fig. 68. 



Ficj. 68. Pehformano'K Citrvics of Transmission Link (determined 
FROM THE Load Diagram of Fig. 67) 


I’he results show that a load of lagging power factor adversely affects the 
pfliciency and voltage regulation of the line, and the powder factor at which 
the generator operates. 


Series-Parallel Circuits 

Load Diagram for a Series-parallel Circuit with Variable Impedance, 
of Constant Power Factor, in One Branch. The construction of the 
no-load and short-circuit diagram for this circuit involves the 
determination of (1 ) the diagrams for the joint admittance and joint 
impedance of the parallel branches, (2) the diagram for the joint im- 
pedance of the complete circuit, (3) the inversion of ^this diagram 
and the change of scale so that the vectors will represent currents. 

The variable impedance will be denoted by the fixed series im- 
pedance by Zj, and the impedance of the non- variable branch by Z. 

The no-load and short-circuit diagram is constructed as follows — 

Select a suitable scale for admittance and draw AB, Fig. 69, to 



TABLE V 

Measured and calculated quantities (from Fig- 67) for performance of transmission line. 



Scales. — Current : 1 cm. = 50 

Power : 1 cm. = 09 k\V., for p.f. = 09 (lagging); 1 cm. = 104-5 kW., for = 0-95 for p.f. (leading). 

Voltage : 1 cm. = '^-52 x 50 = 126 V, 

• Maximum load when power factor of load is 0-9 (lagging). t Maximum load when power factor of load is 0-95 (leading). 
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represent the admittance, >^3, of the branch of fixed impedance. 
It is preferable for reasons which will be explained later, to draw 
AB with respect to temporary axes, AX\ AY\ instead of the 
permanent axes of reference. From B draw the line BCoc to 
represent the admittance of the variable branch, the line being 
inclined at the angle q)2 with respect to the temi')orary vortical axis, 
where cos q)^ is the power factor of the variable branch. Vectors 
drawn from A to the line BCoc therefore represent the joint admit- 
tance of the parallel branches. Hence the line BC oc is the locus of 


oc 



Fjg. 69. No-load and SHOTtT-fUiictrjT Diaguam fob Simplk Series- 

PARALLEL CfROUlT 


the joint admittance vector when the impedance of the variable 
branch is positive and is varied between zero and infinity. 

The joint impc'dance of th(^ parallel brancjhes is obtained by 
the inversion of the locus BCcc with respect to the pole A, This 
inversion gives the arc AGiB^^, the centre of which lies at Q in the 
line AH inclined at (p^ with respect to the temporary horizontal 
axis. Vectors drawn from A to the arc AG^B^ therefore represent 
the joint impedance of the parallel branches when the imjx^dance 
of the variable brancjh is positive and is varied from zero to infinity. 
Similarly, vectors drawn from A to the lower arc BiHA represent 
the joint impedance of the branch circuits when thci impedance of 
the variable branch is negative and is varied from zero to infinity 
(i.e. when the circuit is acting as a generator at a constant power 
factor, cos 973 )• 
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To obtain the joint impedance of the whole circuit the series 
impedance, Zj, must be added vectorially to the joint impedance 
vectors for the branch circuits. If the addition is carried out in 
this manner, another circle, which is shown dotted in Fig. 69, will 
bo obtained. The diameter of this new circle is the same as that of 
the original circle, but its centre is at Q' ; the distance QQ' being 
equal, on the impedance scale, to and the inclination of QQ' 
to the vertical axis being equal to where tan (p^ = Xi/Ry This 
circle is therefore the locus of the joint impedance vectors for the 
complete circuit when the axes AX\ A Y\ are the axes of reference. 

Instead of constructing the second circle to obtain the joint 
impedance of the complete circuit, we may make the original circle 
represent this quantity by shifting the temporary origin (A) to 0, 
where the distance OA represents the series impedance and the 
inclination of OA to the vertical is equal to Thus the single 
circle AOiBj^H may represent either (1) the locus of the vector of 
the joint impedance of the parallel branches of the circuit — in which 
case the origin is at A and the axes of reference are AX\ A F ' — or 
(2) the locus of the vector of the joint impedance of the complete 
circuit — in which case the origin is at 0 and the axes of reference 
are OX, OY. 

The joint admittance of the complete circuit is obtained by the 
inversion of the circle AOiB^H with respect to the pole 0. This 
inversion, as explained on p. 105, gives a circle the centre of which 
lies in the line joining O and Q. But by a suitable choice of the 
new admittance scale the original circle may be made to represent 
its inverse circle. For example, if J, K, arc the points of intersection 
of the line OQ, produced, and the circumference of the circle AG^ByH, 
then if this circle is to represent the locus of both impedance and 
admittance vectors, we must have m,0J = \jn.0K, or 7i=\j(m 
X OJ.OK), where m, n, are the scales for impedance and admittance 
respectively. 

Now in the original diagram for the admittance of the parallel 
branch circuits the points B and oc correspond to zero and infinite 
admittance, respectively, of the variable branch. The inversion of 
these points with respect to A gives the points B^ and A respectively, 
on the impedance circle, and the inversion of points Bi and A with 
respect to O gives the points Bg and ^4^ on the admittance circle. 
Hence B 2 is the “ no-load ” point, and A^ is the “ short-circuit 
point in the final admittance diagram. By changing the scale of 
this diagram to E times the admittance scale, where E is the supply 
voltage, we obtain the current diagram for the circuit, Bg being the 
“ no-load point and Ai the “ short-circuit ” point. Hence the 
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no-load current is given by the vector OB 2 and the short-circuit 
current is given by the vector OA^. 

The load diagram^ Fig. 70, is obtained from the current diagram 
by determining the datum lines for (1) the power taken from the 
supply system, (2) the power expended in the series impedance, 

(3) the power expended in the branch of fixed impedance, and 

(4) the power supplied to the variable branch. The additional 
construction involved after the no-load and short-circuit points 
have been determined and the circle has been drawn, is as follows — 

From the origin draw a tangent OF to the circle, bisect it at D 
and draw a perpendicular DUHV to the line OQ joining the origin 
and the centre of the circle. This perpendicular is called the 
“ semi -polar ” of the circle with respect to the origin. 

From the short-circuit point, A^y draw the tangent A^V. 

Join the no-load and short-ch*cuit points, and produce the line 
to cut the horizontal axis at T. Join T and V (the inter- 
section of the semi-polar and the tangent at the short-circuit point). 

Join the short-circuit point and the point, f7, at which the 
semi-polar intersects the horizontal axis. 

The dulum line Jot obtaining the power taken from the supply 
system is the horizontal, or abscissae, axis, and is called the “ input 
datum line. The power taken from the supply system, when the 
line current is represented by the vector is proportional to the 
ordinate, G^M, drawn from the point (7i. 

The datum line for obtaining the PR loss in the series impedance y Z,, 
is the “ semi-polar ” of the current circle with respect to the 
origin O. This line, IJIl V, is called the “ primary loss ” datum line. 
The PR loss in the series impedance, corr(;sponding to a line current 
represented by th(^ vector OG^, is proportional to the peri)endicular 
distance, G^H, of the point G^ from the semi-polar. 

The loss is also rt^presented by LSy which is the intercept on the 
line G^Sy drawn through G^ parallel to the semi-polar, made by the 
horizontal axis and the line UA^ (which joins the short-circuit point 
and the point at which the semi-polar intersects the horizontal 
axis). 

The datum line for obtaining the power expended in the branch of 
fixed impedance is the tangent drawn from the short-circuit point. 
The power expended in this branch, when the line current is 
represented by the vector OG^, is proportional to the perpendicular 
distance, G^K. of the point G^ from this tangent. 

The datum line for obtaining the power supplied to the branch of 
variable impedance is the line joining the no-load and short-circuit 
})oints, and is called the “ output ’ datum line. The power supplied 
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to this branch, when the line current is represented by the vector 
OOi, is proportional to G^N, which is the intercept, made by the 
circumference of the circle and the “ output ” line, on the line G^W , 
drawn from the point G^ parallel to the line VT, 

Hence NW is proportional to il^R loss in the series impedance 
+ power expended in the branch of fixed impedance). 



Fjq. 70. Load Diagram for Simfle SiiRiEs-rARADi.EL Circuit 


The scales for the quantities obtained by measurement from the 
various datum lines are deduced on pp. 137 and 138. 

The scale for efficiency is constructed on a horizontal liiui drawn 
in any convenient position between boundary lines formed by the 
“ output datum line, A^B^T, or its extension, and a line, VT, 
passing through the points of intersection of (i) the “ output ” 
datum line and the horizontal axis, (ii) the “ primary loss ” datum 
line (i.e. the semi-polar) and the tangent drawn from the short- 
circuit point. The efficiency, i.e. the ratio 

power supplied to the branch of variable impedance 
power taken from the supply system 
is given directly on this scale by the point of intersection made by 
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a line drawn through T and the appropriate point on the current 
circle. 

The triangle OG^Ai is the voltage triangle for the circuit ; the 
side OAi representing the supply voltage, 00^ the voltage drop in 
the series impedance, and the voltage at the terminals of the 
parallel branch circuits. 

The sides GiA^, GjjBj, of the triangle AjO^B 2 represent, to dissimilar 
scales, the magnitudes of the currents in the fixed and variable 
branches respectively 

Proof. Line Current and Branch-circuit Currents. Tlio line cuiTont cor- 
r«8ponding to any particular valiK^, of the variable impedance is given by 

/ 

Li/(r. 4 - ya)] 

where in the value of aflrnittanco correspontling to the impedance 
and is the admittance of tlio non-variable branch. 

The corresponding currents in tlie branch circuits are : 1 2 ~ lu 

the variable brancti, and /j in the non- variable branch, where 

is the voltage at the terminals of these branches and is given by E - Ji^i- 

Now fi =■ I2 4 " 4 “ Ys{E —• IiZi)f 

and when the current in the variable branch is zero, the line current is 
Y,(E-roZ,). 

Whence, by subtraction, 

/1-/0 = /2 4- Y,{E-!,Z,)-Y 2 {E-I,Z,) 

or h - ih-h) (1 4 - ZJZ,), 

Thus the curi’ont in the variable branch is equal to the veclorial difference 
of the line and no-load currents multiplied by the complex number (Id-^i/^a)* 
whicrh is a constant quantity for a given circuit. 

Now b4g. 70 , is the difference of the line current and no-load current 

vectors. Hence, rejiresents the magnitude of the current in the variable 

branch to a scale y'[l + 2 {ZifZ^) cos 4" (^1/^3)*] times the scale of the 

lino current. 

^Phe current 7., in the branch of fixed impedance is proportional to the 
voltage, ^2» terminals of the parallel branches. Now' the triangle 

Oa^A^ is the voltage triangle for the circuit (see p. 126 ), and the voltage at 
the terminals of the parallel branches is represented by the scal<» lieirig 

Zj times tlie scale for the line current. Hence the magnitude of the current 
in the branch of fixed impedance is given by ~~ A'2/^3 - • 

i.e. the inagnit-udo of this current is represented by the scale being 

1 cm. = (pZJZs) Tlut the vector only gives the phase of this 

current m the .sjiocial case when the reactance of this branch is zero. 

Power Taken from the Supply System. At no load the power taken from 
tlie supply system is given by : Pq = ET^ cos where is the phase 
difference betw’’een the no-load current and the supply voltage.^ 'I’he power 
taken from the sujiply system at short circuit i.s given by P^ --- EJg cos (p^. 

Now if the diagram of Fig. 70 is drawn to a scale of 1 cm. --- p amp., the 
power taken at no load is represented by E.p.OP^^coa 97 j,, or by pEy^^ where 
is the ordinate at 7 ?*. Similarly the power taken at short circuit is 
represented by E.p.OAi cos 97^, or by pEy^j where is the ordinate at and 
generally, if any particular line current, JT, is represented by the vector OG|, 
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the power taken from the supply system is represented by pEy^ where y is 
the ordinate at G^. Therefore the power taken from the supply system is 
represented by the ordinate of the extremity of the current vector, the scale 
being 1 cm. -- pK watts. 

Power Expended in Series Impedance. The equation rejiresenting the IHl 
loss in the senes impedance, is deduced as follows — 

Let the line current / bo represented by the vector OGj, the co-ordinates 
of the point being a;, y. 

Then, PT?! =- (p.Of?,)* = p^{x^ + y^)R^. 

Tf r is the radius of the current circle and x^, 2/c» co-ordinates of its 

centre, the equation to the circle is 

{x - x^)^ + (2/ - yj^ = r*, 
from which we obtain 

x^ + 2xx^ + - (V + 2/c“ ”■ • • • (4") 


Hence the l^R loss in the series impoiiarice is roprosentod by 

/2/?j = p2(a:* -f y^)R^ 

= pHti{2xx^ + - r*)] 

= ip^Kilxx^ + yy^ - UxJ^ + - r*) J 

- \2p‘ii wix • 4- V ^ ~ ~ 

= [2p‘/e.v(®,= + 


since the expres-sion [xx^. + yiU " represents the 

perpendicular distance G^H of the point x, y (i.o. the point Gj), from the straight 
line which is represented by the equation 


+ yyc - + Vc^ - 

this line being the “ .serni-polar ”* of the origin with respect to the circle. 
Thus the semi-polar of the origin with respect to the current circle is the 
datum line from which the l^R Joss m tlio series portion of the circuit is 
measured, the loss being given by the ]iorpcndicular distance, from the 
semi -polar of the apyiro[n’iato yioint on the current circle, and the scale being 
I cm, = 2p^R^\^{x^^ -f watts. 

The prouj for the alte,rnative, method of obtainuiy the I^R loss in the series 
impedance (i.e. from the intercept, made by the line A^V and the horizontal 
axis, on a line drawn from G^ parallel to the semi-polar) is as follows- - 

If from the points and the lines G^S. Afi, and G’jf/, A-^II^^ Fig. 70, 
are drawn parallel to, and perpendicular to, respectively, the serai -polar 
Ff/, then from the similar triangles UtSL, IJCAi, wo have 

LS G^H 

A^C ■ UC ^ 

LS _ A^C ' 

UJi “ 

Now as already shown, represents the PR loss in the senes impedance 

when the current is represented by OG\. the scale being I cm. = V (.r^® i/p*) 

watts. Also Ajjffi and AyC both rey)ro.seiit the PR loss at short circuit, the 
scale for the former being 1 cm. = 2p^R^'\/{x^^ + yy^®), and that for the latter 
being 1 cm. ■- - pE cos a watts, where a is the angle which the serni-polar 
makes with the vertical axis. 


• The semi-yiolar is the line which is parallel to the polar and is mid- way between llie polar 
and the origin. Both the serni-polar and polar, in the present case, are perpendicular to the 
line joining the origin and the centre of the circle, the equation to this line being xy^-yx^ — 0. 
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Hence, 

AiC(pE 008 a) = 4 

i.e. = 2p»7?,v'(T,« 4 Vr^) 

pE cos a 

Substituting this value for AjC/A^H^ in the above equation, we have 
G^il pE cos a 

Whence, LS{pE cos a) =- G^H[2p^R^\/{x^^ 4- 

Therefore, LS represents the l^R loss in the seri<?s impedance, to the scale 

I cm. == pE cos a watts, when the current is rejiresentcd by OO^. 

Consixuction for the Polar and Semi-polar of a Given Point with Respect 
to a Circle. Lot Q bo the centre of the circle, C, Fig. 71, and P tlie 
point from which the polar with 
respect to the circle is required. 

From P draw tangents to the circle, 
and join the points of contact by the 
line ADR. This line is the polar of 
the point P with respect to the 
circle, and is perpendicular to the 
line PQ, joining the point P and 
the centre Q of the circle. 

To obtain the semi -polar, bisect 
DP at E and draw through E a line 
PEG. parallel to tlio polar. Then 
the line PEG is called the semi-polar 
of the point P witli respect to the 
circle. 

In cases whore the determination O 
of the points of contact of the tan- Fig. 71. Peiitainino to Polar 
gents is difficult, or may lead to an and Semi-polar 

inaccurate constniclion for the polar, 

and semi-jiolar, the following construction may be adopted : Divide the line 
PQ, joining the centre of the circle and the point P, at D and E such that 
PQ.QD - 7•^ or PD ---- PQ[\ - {riPW]; and PE -- hPQ\l - {rJPQ)^]. 
Dimv through the points 7J, /tf, lines perpendicular to tlie line PQ. Then 
the line through D is the polar, and that through E is the semi -polar 

proof for this construction is as follows : I^et the equation of the circle 
be {x — x^)^ + (// - 2 /^)* r~y and let x\ y\ he the co-ordinates of the point, 
P, for which the polar is required. Then the equation of the polar is 
{x - x^) (x' ~ x^) -h (y- y^) iy' - Vc) 

^c) + yiy' - yJ ~ - ^c) - ?7r(.v' - Vc) - o, 

which is the equation to a straight line. Moreover, since the equation to the 
line joining the point P and the centre, Q, of the circle is 


^ Vc- y 

or x{y^ - y') - y{x^ - x') - x'y^ x^y' = 0. 

this lino is perpendicular to the polar 

Hence the distance between the centre, Q, of the circle ^and the point 
of intorsoction, D, of the line PQ ond the jiolar (i.e. the perpendicular 
distance of the centre of the circle from the polar) is 

no == ydyc - y') - ^c(^c - - yc(?/c -- y') + 


VL K - + (ye 
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Also the distance between the points P and Q is 

PQ = VEK-t:')* + 

Therefore PQ.DQ -- r*. 

Power Expended in the Branch Circuit of Fixed Impedance. The power 

expended in this portion of the circuit is given by P^ — (EzlZ^yR.^. 

Now the triangle OAiGi^ Fig. 70, is the voltage triangle for the system, 
the side 0,4 j representing the supply voltage, the voltage drop in the 
series impedance, and the voltage at the terminals of the parallel 

branches. 

Since the vector OA^ represents the short-circuit current to a scale of 
1 cm. = p amp., and this current is given by the same vector, OA|, 

will also represent the supply voltage bo a scale times the current scale, 
i.e. the scale for voltage is 1 cm. --- pZ^ volts. Therefore 

P. = = R,{pZ,.G,AJZ,)* = (p*P,Z,^IZ,*m:c,~x)*+{y,-yn 

since Q^A^ ~ {x^-x)^ -f- (.V, - 2/)^, where are the co-ordinates of the 

short-circuit point A j. 

Expanding this expression and substituting for j- from equation (47), 
we have 

P, - {p^n^Z,VZ,>) 2{x{r.^ -x,) + y(y^ -?/.)- i [ + ('/. .V.=)- r* ] ) . 

Whence, 

P, = ^-^r- VI {^0 + (% - y.)*] 

xjxc - -f yjyc - Vtf) - f if^c^ ~ .V/) " ^^1 

-1- 0/c- 

= 

since the expression 

- Xg) f ?/(,Vc - y^) ~i\{Xc~ - .r,") + (//c° - V) - I 
+ ^yc- 

rejiresents the perpendicular distance, of the jioint .r, y (i.e. the point G^) 
from the tangent at Aj. Tliorefore the tangent at the shorl-circiiit point is 
the datum line from wdiich the power expended in the branch of constant 
impedance is measured, tlu^ scale being I era, 

= {2pVi^Z’^IZ,,^)s/[ 4 ( 2 /c- 2 /.)“] watts. 

Power Expended in the Branch Cirenit of Variable Impedance. To show that 
this quantity is represented by Q^N — Draw from G^ a line, O^a, parallel to 
VAy to intersect A^B^ (the line joining tho no-load and short-circuit points) 
at a, and from a draw a line parallel to A^U to intersect at QyE (which is 
parallel to the semi-polar) at d . ' From d draw a horizontal line to intersect 
O^W (which is parallel to VT) af N, Then this point, N, coincides with the 
intersection of A^B,^ and O^S, since the triangles aiV6, AjTU are similar. 

Now tho portion f/iS\ of G^S^ is made u]j of two parts, dL and LS ; the 
former representing tho power expended in tho branch of fixed impodanco, 
and tho latter representing the PR loss in the series impodanco, the scale in 
each case being 1 cm. -- pE co.s a watts. Therefore the ordinate at d, or, 
alternatively, the ordinate at N, represents the j)ower expended in tho fixed 
portion of the circuit, the scale being 1 cm. “ pE watts. Hence, NW 
represents this power to the scale 1 cm. -- pE cos d watts, where 6 is the 
inclination of FT to the vert ical axis.* 

• The line VT may be called the " total loss " datum line, since the length of the per- 
pendicular, drawn from Oj, Is proportional to tlie intercept NW. 
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T}ie rornaitiing portion, C/jN, of OyW must tlioreforo represent the power 
supplied to tlie variable branch to the scale 1 cm. = pE cos 6 watts. Since 
(5 is usually a vorj^ small angle, the power scale when measuring paralh'l to 
VT is practically equal to the power scale when measuring along the 
ordinate. 

Therefore in the load diagram the power expended in, or supplied to, all 
fiarts of tlio circuit is obtained by drawing from Gy (i) the ordinate GyM^ 
(ii) a parallel, Gy\\\ to VT^ (iii) a parallel, to the serni-polar VIL The 
power taken from the supply system is then given by the ordinate, GyAf, 
the scale Vjeing 1 cm. = pE watts. The power expended in the series 
impedance is given by the intercept LS^ or, alternatively, by the ordinate 
at Z/, the scales binng 1 cm. — pE cos a watts in the former case, and 
1 cm. ~ pE watts in the latter case. Tlie power expended in the fixed 
portions of the circuit (i.e. the series impedance and the fixed braneb of the 
fiarallel portion of the circuit) is given by N^\ or, alternatively, by the 
ordinate at N, the scales being I cm. = pE cos d watts in the former case, 
and 1 cm. = pE watts in the latter case. The power supplietl to the variable 
branch of the circuit is given by QyNy or, alternatively, by the difTerence in 
the ordinates at Gy and the scales biding 1 cm. — pE cos d watts in the 
former case, and 1 cm. pE watts in the latter case. 

Efficiency. The ratio (power supplied to branch of variable impedance/ 
flower taken from supjily system) is given by GyN jOyW. 

Now, if the lines AyH^T and FT are produced beyond and any hori/^ontal 
line be drawn to intersect their extensions at I and /i, respec.tively ; and if 
be joined to T and produced so as to cut this horizontal line at Z, the efficiency 
is given by U'llh. Thus, if from k a line, km, is drawn parallel to VT to 
intersect 77 and the horizontal axis at n and ?n respectively, wo have, from 
the similar triangles 2' hi, nkl 


But 

Therefore, 


nk __ Ik 
Th 

nk nk _ GyN 
Tnic Th "" G^ 
Ik Gj^ 

Ik "" Gy IF 


Hence if Ih be thvidod into UK) equal jiarts, with the zero point at I and the 
100 point at h, the yjercentago efTiciency is given directly by the scale reading 
at k (i.e. the point at which the line joining Gy and 7’ intersects the scale). 


Construction o! the Load Diagram from Test Data. For the case, 
discussed above, where the power factor of the variables branch 
circuit is constant and the impedance of this portion is variable 
between zero and inlinity, the following construction for the no- 
load and short-circuit diagram may be adopted when the magnitude 
and phases of the no-load and short-circuit currents are known. 

Draw rectangular axes OX, OY, and from the origin 0 draw the 
vectors OA^, Fig. 72, to represent the no-load and short-circuit 
currents, respectively, to a convenient 8c*al(‘, the iitelination of 
these vectors to the vertical axis being and cp^ respectively. 
Join the points B 2 and A-^ ; bisect this line at F, and draw the 
perpendicular at FQ. From B^ draw the line B^Q to intersect this 
perpendicular at Q, which is the centre of the current circle. The 
angle which B^Q makes with the horizontal axis. B^X", at B 2 is 
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equal to ±9^2 + 29;,*where cos (p^ is the power factor of the variable 
branch (973 being positive for a leading power factor and negative 
for a lagging power factor), and y) is the angle OA^B^, Hence when 
the power factor, cos of the variable branch is lagging, B^X^Q 
is drawn below the horizontal axis, B2X", the angle X'^B^Q being 



B^ig. 72. Construction of No-load and Short-circuit Diagram 
FROM Data of No-load and Short-circuit Tests 

equal, numerically, to ~ 297)* ; but if the power factor is leading, 
B^Q is drawn above the horizontal axis, B^X”, and the angle X"B2Q 
is equal, numerically, to + 2y>).* 

Proof. A roforenco to B^g. 69, wliieh refors to the case when the puwc^r 
factor of the variable branch is lagging, and the no-load point lies below the 
short-circuit line, will show that the line AQ containing the centre of the 
current circle is inclined at the angle with respect to the horizontal axis 
AX', this angle being below the horizontal axis because) the power factor is 
lagging. Now since the angles AQB 2 ^ AA^Iiz^ both subtend the same arc, 
cf the circle B^AA^^H, but the former angle is at the centre, and the 
latter is at the circumference, of the circle, the angle AQB^ is double the 
angle AA^B^. Hence the angle which the line B^Q makes with a horizontal 
axis drawn through Bz is equal, numerically, to q\ - 2y». Therefore the line 
BzQ* B’ig. 72(a), which is inclined at an angle equal to - 7^2 + — -Upg, - 2^), 

with respect to the horizontal a^is BzX", passes through the centre of the 
circle. 

In a similar manner it may be shown that when the power factor of the 
variable branch is loading, the line B^Q, Fig. 72(6), wdiich is inclined at an 
angle equal to + + 2y) with respect to the horizontal axis B^X", passes 

through the centre of the circle. 

The diagram is completed by constructing the efficiency scale 
and drawing the datura lines for input, output, etc., in the manner 
already described. 

* If the no-load point lies above the short-circuit lino, i.o. if cpg >(Po, as 
in Fig. 72 (c), the negative sign must be given to 2xp, 



CHAPTER VIll 

THE SINGLE-PHASE TRANSFORMER 

One of the greatest advantages of alternating currents over direct 
currents is the facility with which the voltage can be changed from 
a low to a high value, or vice versa^ to meet the requirements of, 
say, long distance transmission or distribution for industrial power 
and lighting supplies. In all large A.C. distribution systems the 



Fig. 73. Elementary Diagrams Showing Arrangements of 
Core and Windings in Core-type (left) and Shell-type (right) 
Transformers 


voltage at a consumer’s promises may have a value quite different 
from that at the generator, and several changes of voltage may 
occur between the generator and the consumer. These changes of 
voltage are effected, with almost negligible loss of energy , by means 
of stationary transformers working on the principle of mutual 
induction. 

Principle oi Transformer. A transformer consists esscmtially of 
two electric circuits, tightly coupled magnetically. One circuit 
(called the 'primary) is designed to receive energy from an A.C. 
supply system; and the other circuit ((called the secondary) is de- 
signed to deliver energy of the same form and frequency, but 
usually of a different voltage, to a load. In practice, the tight 
magnetic coupling between the circuits is obtained by arranging 
them in the form of either concentric or sandwiched coils, spaced 
as closely together as the conditions of construction and operation 
will permit, and providing a magnetic circuit of low reluctance. For 
low-frequency systems the magnetic circuit is built of alloyed steel 
laminations with interleaved joints, so as to reduce the reluctance. 
The sketches in Fig. 73 show two arrangements for the coils and 
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laminated core. Hence when the primary is connected to an A.C. 
supply system, an alternating flux is produced in the core, and this 
flux links with the turns of both primary and secondary windings, 
thereby inducing E.M.Fs. in these windings. The E.M.F. induced 
in the primary is in the nature of a back-E.M.F. and opposes the 
supply voltage ; that induced in the secondary is expended in pro- 
ducing current in the load. The transference of energy from the 
primary to the secondary, therefore, takes place electromagnetically 



Fig. 74. Magnetic Cikcuit and Vectok Diacjuams of Ideal 
Transfohmeh 

in virtue of the magnetic coupling between the circuits. Thus the 
magnetic coupling plays an important part in the action of the 
transformer. 

Elementary Theory of Ideal Transformer. In an ideal transformer 
(i.e. one without losses or magnetic leakage) an alternating flux O, 
produced by the magnetizing effect of the primary, links with the 
whole of the turns of both primary and secondary windings as indi- 
cated in Fig. 74 (a). This diagram shows the primary (P) and 
secondary (S) windings sjjaced apart for clearness in representation, 
but in actual transformers these windings would be in the form of 
concentric coils. 

If N^ denote the number of turns in primary and secondary 
windings respectively, the E.M.Fs. induced are “ -• (A\/10®)dd)/d^ 
and ^2 “ " (N2ll0^)d<^ldt, Hence e^je^ -- NJN 2 , i.e. the ratio of 
the induced E.M.Fs. is equal to the ratio of the numbers of turns 
in the re8}:)ective windings. This ratio is called the “turn ratio*’ or 
the “ratio of transformation.” It is denoted by K. 

If the flux follows a sine law, i.e. ® sin ot, then — - coN^ 

X X 1^”* cos (ot = X 10“® sin(m< - Jtt), and Cg = - 
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X 10 ^ cos X 10~® sin(co^ - Jtt). Whence the R.M.S. 

values of the induced E.M.Fs. are 

= (coiViO^ X 10~8)/V2 - {27TlVmM X 10-« 

= 4-440 X 10-8 . (48) 

E^ == (co.VgO^ X 10-8 )/v^2 = (27rlx/2)(^M X lO"® 

= 4-440 ^.Vg/ X 10-8 . (49) 

where / is the frequency of the alternating flux. 

Now, in the ideal case, Ei must balance the voltage appfled to 
the primary. Hence if the R.M.S. value of this voltage is constant, 
and the frequency is also constant, the maximum value, O^, of the 
flux must be maintained constant. Therefore a definite number of 
ampere-turns must be supplied by the primary to maintain the 
flux, and these ampere-turns must remain constant, irrespective of 
the load current in the secondary. Obviously this result is only 
possible when the ampere-turns produced by the current in the 
secondary winding are neutralized by an equivalent number of 
ampere-turns in the primary winding. Thus the effect of loading, 
or taking current from, the secondary is to cause a corresponding 
increase and alteration in phase of the current in the primary, so 
that the resultant ampere-tums of the two windings is constant 
and equal to the ampere-turns necessary to produce the flux. 

If /i, /g are the primary and secondary currents for a given load, 
and Iq is the primary current when /g is zero, then we must have 
-1- /gNg = or = - h ^2 + /o^i- 

Vector diagrams representing this, and the no-load, condition are 
shown in the diagrams (6), (c) of Fig. 74. In these diagrams the 
vector OD represents the magnetizing ampere-turns required to 
maintain the flux; OB, the ampere-turns produced by the current 
in the secondary ; and OA , the ampere-turns actually produced by 
the primary. The induced E.M.Fs. are represented by OEi and 
OE^, and the supply voltage by OFj. 

Observe that in the special case when the magnetizing ampere- 
turns are very small in comparison with the secondary ampere- 
turns, the primary and secondary ampere-tunis will be practically 
equal and in opposition. Hence under these conditions we have, 
to a very close approximation : JiN^ = - / 2 Ng, or IJI^ == 
i.e. the ratio of the primary and secondary currents/ is constant. 
This important relationship is the basis of the current transformer 
— an instrument transformer used with a low-range ammeter for 
the measurement of currents in circuits where the direct connection 
of the ammeter would be impracticable (see Chapter XVII). 

In diagram (c), which represents loaded conditions, it will be 

II— (T.5245) 
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observed that the phase difference, (p^y between the supply voltage 
and primary current is, with lagging secondary currents, always 
greater than that, between the secondary voltage and current. 
Moreover, if (p^ is constant, cp^ will depend upon the magnitude of 
the load current, decreasing as the load current increases. 

Differences Between Ideal and Actual Transformer. In an actual 
transformer the primary and secondary windings each have resist- 
ance ; magnetic leakage takes place between these windings ; and 
hysteresis and eddy-current losses occur in the magnetic core. 

The general effect of the resistance of the windings and the losses 
in the core is to cause loss of energy and heating. The resistance of 
the windings also causes voltage drops in both primary and sec- 
ondary windings, and a diminution of the flux with increase of 
load current. The core losses also cause the exciting ampere-turns 
for the magnetic circuit to be slightly greater than the magnetizing 
ampere-turns and out of phase with the latter. 

Magnetic leakage affects not only the flux linked with the sec- 
ondary winding (which is now less than the corresponding flux 
linked with the primary winding), but also the phase differences 
between the induced E.M.Fs. and the currents. 

Transformer with Losses, but without Magnetic Leakage. This 
case represents an approximation to practical conditions. The 
primary and secondary windings have resistance, and the magnetic 
core has liysteresis and eddy current losses such as would occur in 
a normal transformer. 

Consider, first, the effect of the resistance of the windings on the 
operation of the transformer. The resistance of the primary wind- 
ing causes a voltage drop, and therefore the E.M.F. induced in this 
winding has now to balance the vector difference of the supply 
voltage and the voltage drop in the primary winding. Thus E^ 
~ Pi - fiRi, where Fi is the supply voltage, /i, the current in, and 
i?! the resistance of, the primary winding. 

Hence the induced E.M.F. E^ decreases as increases, and there- 
fore, with constant supply voltage and frequency, the flux decreases 
with an increase of primary current. 

The decrease in the flux causes a corresponding decrease in the 
E.M.F. (E2) induced in the secondary winding, but as we are 
assuming no magnetic leakage the ratio EJE2 will be constant. 

The secondary terminal voltage, is equal to the vector differ- 
ence between the induced E.M.F., Ezi and the voltage drop, /2i^2> 
in the secondary winding. Thus Fg = E2 - J2R2 = 

= [(Fi ” /A)/-^] ■" /2^2> where K = EJEz, and is called the ratio 
of transformation or, shortly, the ratio. 
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Therefore the secondary terminal voltage will change with a 
change of load (magnitude as well as power factor). But as, in 
commercial transformers, the voltage drop in eacjh winding due to 
resistance rarely exceeds 1 per cent of the corresponding terminal 
voltage even in transformers of small output, and may not exceed 
one-quarter of 1 per cent in a large transformer, the effect of 



Fig. 75. Oscillograms of Exc^ttino CunitKNT (/^o)’ Primary 
Apfliku Voltage (Fj), and Secondary Induced Voltage {E^) of 

Tr AN SFORMERS 

(a), (^), (<■) rt’for to a trjins former Hiipijlled at tliree dillerent voltases; (d) niferB to 
jinother transformer, siRiplied at K) per eeiit above normal vollaRe 
n.M.S. Valueti of Voltages and ( urrevta—{a) T, - 120 V., /, = 2-10 A.; (ft) K, 

- lUU V. (normal), Iq =- l-l A.; (c) F, - «o V , Ao = 0‘-i> A.; (U) Vj = 110 V., 
io - 4-6 A., A’, - 225 V. 

resistance will cause only a relatively small change in the secondary 
terminal voltage with change of load. 

The manner in which this change of secondary terpiinal voltage 
is influenced by the powder factor of the load is showm in the vector 
diagrams of Fig. 76, one diagram (a) being drawn for a load of 
lagging power factor, and the other diagram (b) being drawn for a 
load of leading power factor. 

If the power factor of the secondary side is cos 973 
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the primary (input) side is cos the secondary terminal voltage is 
given approximately by 

Fa = [( - IiRi cos (pi)/K] - l^R^ cos 

The effect of the core losses (i.e. hysteresis and eddy currents) 
and magnetic saturation is to cause the exciting current for the 
magnetic circuit to lead the flux and its wave-form to be distorted 
in the manner explained in Chapter XIV, and shown graphically 



Fig. 76 . Vr.CTon Diagrams for a Transfohmfr having Iron 
AND Coffer Losses, iutt no Magnktig Leakage 
( a) Sfcoudary cunciit lagging, (h) Secondary current leading 


in the oscillograms of Fig. 75, which refer to a small transformer 
excited at various voltages. 

With a sine- wave supply voltage, the flux will be sinusoidal, but 
the exciting current will be distorted. Therefore, in drawing the 
vector diagram for these conditions, we have to show the equivalent 
(sine wave) exciting current (see p. 329). 

Vector Diagram for Transformer willi Losses, but without Mag- 
netic Leakage. In Fig. 76 are given two vector diagrams for a 
transformer with losses, but without magnetic leakage. One dia- 
gram (a) is drawn for a load having a lagging power factor, and the 
other (b) is drawn for a load having a leading power factor. In both 
diagrams, representation is as follows : flux, 00 ; induced E.M.Fs., 
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OEi^ OE 2 ] exciting (no-load) current, O/q*, primary current, 01i\ 
secondary current, O/g ; primary ampere-turns, OA ; secondary 
ampere-turns, OB ; exciting ampere-turns (resultant of OA and OB), 
0C\ magnetizing ampere-turns, OD \ actual voltage drop in pri- 
mary, IiR^\ actual voltage drop in secondary, sux)ply volt- 
age, secondary terminal voltage, OFg. The vectors repre- 

senting the voltage drops have been drawn very much exaggerated 
in order to render them clear in the diagram. 

Magnetic Leakage. The arrangement of the primary and sec- 
ondary windings on separate limbs of the core, as shown in diagram 




Fia. 77. Magnetic Leakage in Tkansformek 

(a) Flux (liHtributjou in oorc-typo transformer havjug windings on separate limbs. 

(If) llypothetieal eomiK)nent fluxes 

(a), Fig. 74, results in considerable magnetic leakage, especially 
when the secondary is loaded, as the ampere-turns produced by 
the secondary winding, being practically in opposition to the pri- 
mary ampere -turns, tend to force the flux (which at no load links 
with the secondary winding) into the leakage paths as represented 
in diagram (a), Fig. 77. The leakage obviously increases with an 
increase of load current, because this results in increased ampere- 
turns of both windings and the production of a high magneto- 
motive force across the leakage paths. Hence a transformer having 
the windings arranged as shown in Fig. 74 (a) would have a heavy 
drooping characteristic for the secondary voltage. 

The theory of the transformer with magnetic leakage may be 
developed by considering fictitious leakage fluxes to be super- 
imposed upon the ideal flux, 0, which links both windings and 
remains constant. These conditions arc represented in diagram (b), 
Fig. 77. 

The leakage fluxes take paths which comprise air and iron, the 
reluctance of the air portions of the paths being many times that 
of the iron portions. Hence the leakage fluxes will be directly pro- 
portional to, and in phase with, the ampere-turns expended across 
the leakage paths: i.e. the primary leakage flux, Oli, will be pro- 
protional to, and in phase with, the primary ampere-turns or 
the primary current; the secondary leakage flux, will be 
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proportional to, and in phase with, the secondary ampero-tums 
or the secondary current. 

The flux linking the primary winding will therefore be O + Oli> 
vectorially, and that linking the secondary winding will be O 
+ ^L 2 > vectorially. 

The E.M.F. induced in the primary winding is then due to the 
flux (C> "t~ and that induced in the secondary winding is due 
to the flux (O -|- Oj, 2 ). 

The vector diagram representing these conditions is shown in 
Fig. 78, in which 00 represents the ideal flux ; 00, the no-load or 

exciting ampere- turns producing 
this flux; OAy OB, the primary 
and secondary ampere -turns re- 
spectively; OOi 4 , 
leakage fluxes ; OOj ( = O -f- Oi^, 
vectorially), the flux linked with 
the primary winding; OO 2 (“" 
^ + ^L 2 » vectorially), the flux 
linked with the secondary 
winding ; 0Ei\ OE^, the induced 
K.M.Fs. due to OOi and OOg 
respectively. 

Obviously each of the induced 
E.M.Fs., 0A\', OAV, may be con- 
sidered to have a component due 
to the ideal flux, O, and a com- 
ponent due to the appropriate 
leakage flux. The (jomponent 
E.M.Fs. are shown by OE-^, 

OEij^y of which OE^ are 
the components due to the ideal flux, O, and OE^j^y OE^^^ those 
due to the leakage fluxes Ol 2 respectively. 

Leakage Reactance. The component E.M.F.s OEi^^^ due 

to the leakage fluxes are proportional to, and have a phase differ- 
ence of 90 degrees (lagging) from, the primary and secondary cur- 
rents respectively. Hence so far as phase difference from, and pro- 
portionaUty to, the current are concerned, the E.M.Fs. are similar 
in nature to the internal E.M.F. in a reactance coil. We may there- 
fore conveniently consider that a transformer with magnetic leak- 
age is equivalent to an ideal transformer with reactance coils con- 
nected in both primary and secondary circuits, as shown in Fig. 79, 
such that the internal E.M.F. in each reactance coil is equal to that 
due to the corresponding leakage flux in the actual transformer. 



Ftg. 78 . Vector Djaqkams von a 

TUANSFOJtMEK HAVING MAGNETIC 

Leakage and Iron Losses, hut 
No CoprEK Losses 
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Hence if are the reactances of the coils in the primary and 

secondary circuits respectively, we have : 

/g; where E^^^ E^j^ are the component E.M.Fs. due to the leakage 
fluxes in the actual transformer, and ij, /g are the primary and 
secondary currents respectively. Since the reactances Xj, Xg are 
obtained by dividing the E.M.F. due to a leakage flux by the cur- 
rent producing it, they are called leakage reactances ^ X^ being called 
the primary leakage reactance and Xg the secondary leakage reactance. 
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Fig. 79. Modification of Cikcuit Diagbam of Ideal 
Tbansfobmeb to Kepbesent the Actual Case of a Tbansfokmek 
WITH Losses and Magnetic Leakage 

Similarly, the E.M.Fs. and arc (;alled the leakage -reactance 
E.M.Fs. of the primary and secondary windings respectively. 

Vector Diagram of Transformer with Losses and Magnetic Leakage. 
Fig. 80 shows the vector diagram for a practical transformer with 
losses and magnetic; leakage. The vector 0<b represents the ideal 
or no-load flux (O), which is considered to remain constant at all 
loads ; 0(.\ the exciting, or no-load, ampere-turns ; OD, the mag- 
netizing ampere-turns ; OEy, OE^, the E.M.Fs. induced in the pri- 
mary and secondary windings respectively by the flux ^ ; 0*4, OB, 
the primary and secondary ampere-turns due to the currents 01^ 
and O/g respectively ; OE^^^^ the internal E.M.Fs. due to the 

resistances of the primary and secondary windings; OEj^^y OEy^y 
the leakage reactance (internal) E.M.Fs. of the primary and 
secondary windings respectively. 

The secondary terminal voltage is represented by OFg, and is 
eipial to the resultant E.M.F. in the secondary, which is the vector 
sum of O^Rg, and OAYg. These E.M.Fs. are shown in the vector 
polygon 0 E 2 (^V 2 by the sides OXg, Xga, aF 2 taken in order. 

The primary terminal voltage (i.e. the supply voltage) is repre- 
sented by 0\\ and balances the resultant E.M.F. in the primary, 
which is equal to the vector sum of OEy^y OEm, and is shown 

by the vector OF^'. The vector polygon for these E.M.F/s. is OE^bV^'y 
of which the sides OE^, E^b, bV^ represent the E.M.Fs. Xj, 
taken in order. 

Observe that for both primary and secondary circuits the ter- 
minal voltage was determined from the internal E.M.Fs. on the 
same principles as were employed in Chapter III. 



152 


ALTERNATING CURRENTS 


Alternatively, the terminal voltages could have been obtained by 
considering the actual voltage drops due to resistance and leakage 
reactance instead of the corresponding internal E.M.Fs. In this 
case the secondary terminal voltage would have been obtained 
from the induced E.M.F. (OE 2 ) minus the voltage drop due to 
secondary resistance, minus the voltage drop due to secondary 



Kkj. so. VKcymu Diaguam fob a Tbansfobmkb having Losses 
AND Magnetic Leakage 

leakage reactance. The j)rimary terminal voltage (i.e. the supply 
voltage) would have been obtained from the reversed induced E.M.F. , 
jilus the voltage drop duo to primary resistance, plus th(i voltage 
drop due to primary leakage reactance. 

Simplified or Approximate Vector Diagram. A considerable sim- 
plification results if the vector diagram is drawn for a 1 : 1 ratio of 
transformation (i.e. the induced E.M.Fs. 0A\, OE^, are equal) and 
for zero exciting ampere-turns. The primary and secondary ampere- 
turns and currents are then equal and in opposition; the vectors 
representing the internal E.M.Fs. due to resistance are in opposi- 
tion, and likewise also those representing the internal E.M.Fs. due 
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to leakage reactance. The resulting vector diagram is shown in 
Fig. 81. 

This diagram may be further simplified as shown in Fig. 82, in 
which the internal E.M.Fs. due to resistance and leakage react- 
ance are compounded to form a single impedance -E.M.F., which is 
represented by the vector Then if the secondary current, 



Fig. 81 Fig. 82 

SiMPLiFiEii Vector Diagrams for a Transformer having a 
Ratio of Transformation of Unity 

secondary terminal voltage, and reversed primary terminal voltage 
are the quantities only considered, the diagram reduces to six 
vectors, of which three arc inter-related in the form of a right- 
angled (impedance- voltage) triangle. 

Equivalent Resistance and Leakage Reactance. The diagram of 
Fig. 82 would be suitable for a transformer in which the ratio of 
transformation was K, instead of unity, if different scales were 
adopted for primary and secondary quantities. For ^xamjile, the 
scale for seoondarj^ E.M.Fs. and voltages would be K times that 
for the primary E.M.Fs. and voltages ; the scale for secondary 
current and ampere-turns would be l/K that for the corresponding 
primary quantities. 

The same result, however, would be obtained without changing 
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the scale of the diagram if all the actual secondary E.M.Fs. were 
multiplied by X( = NJN2) before representation in the diagram, 
and the actual secondary current and ampere-turns were multiplied 
by l/K. Thus the actual secondary internal E.M.Fs. due to resist- 
ance and reactance would appear in the diagram as quantities 
K times their actual value. These quantities therefore represent 
E.M.Fs. in the primary which are equivalent to the secondary 
internal p].M.Fs. due to resistance and reactance. Hence, if we 
divide each quantity by the primary current, we obtain a resistance 
and a reactance respectively, which, when carrying the primary 
current, will produce in the primary, internal E.M.Fs. equivalent 
to the actual internal E.M.Fs. in the secondary. The value of re- 
sistance so obtained is called the equivalent secondary resistance 
referred to the ^primary, and is denoted by R^^ Similarly, the value 
of reactance so obtained is called the secondary leakage reactance 
referred to the primary, and is denoted by • 

Hence, on the assumption that /2//1 =- K, we have 

R^ = KWh = 

= KWh = 

Thus the equivalent primary resistance referred to the sec- 
ondary = [IJhl ^^)lh — Similarly, the equivalent primary 

leakage reactance (Xi') referred to the secondary (J^XJK)lh 

= X^IK\ 


The comparison between ecpiivaleut quantities for ])rimary and 
secondary circuits may be shown thus — 
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Conversely, primary quantities may be referred to the secondary. 

Approximate Relative Magnitudes o£ Primary and Secondary 
Resistances and Leakage Reactances. Tn a commercial transformer 
the PR losses at full load are divided approximately equally be- 
tween the primary and secondary windings. Thus, approximately, 
h^R^ = h^R^- Therefore R^jR^ = (IJh)^ - K\ or R^ =- K^R^ = R2. 

Ako since at full load the primary and secondary ampere-turns 
are approximately equal, and the leakage paths have approximately 
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equal reluctances, we have, approximately, X 1 /X 2 = {NJN 2 )^ = 
i.e. = K^X 2 = X 2 '. 

Determination o£ Impedance and Leakage Reactance of Trans- 
former. These quantities are determined experimentally by an 
impedance or short-circuit test. One winding, usually the secondary, 
is short-circuited, and a low voltage (about 5 to 10 per cent of normal 
voltage) at normal frequency is applied to the 
other winding, so as to cause approximately 
full-load current to circulate. The input volt- 
age, current, and power are measured. 

Let these quantities be denoted by F, /, P 
respectively. Then F represents the impedance 
voltage of the complete transformer and P 
represents the total HR loss in the windings, 
because, owing to the low impressed voltage 
and the short-circuited secondary, the flux will 
have a very low value (only a few per cent of 
normal) and therefore the iron losses can bo 
completely ignored in comparison with the PR ^ 
losses. 

The impedance of the transformer is then iMrnnANCF 

given by F/7, the resistance by P/P, and Tkianoles of 
the leakage reactance by \^[(V /l)^ - (P/P)^], Thansformer 

Observe that PjP = R-^ + R 2 , so that if is 
known, R 2 can be calculated. The impedance triangle can then be 
divided into the appropriate equivalent triangles for primary and 
secondary, as shown in Fig. 83. Thus, if ABC is the equivalent 
impedance for the complete transformer, referred to the primary, 
AFD is the impedance triangle for the primary alone, and DEC 
is the equivalent impedance triangle for the seciondary alone. 

In practice, the value of resistance calculated from PjP will 
usually be higher than that calculated from the measured resist- 
ances of the windings, the difference being attributable to eddy 
current losses in the conductors and their supports. 

Example. The low- voltage winding of a 300-kVA., 11.000/2200-V., 60-cycle 
transforinor has 190 turns and a resistance of 0*06 Q. The high-voltage wind- 
ing has 910 turns and a resistance of 1*6 Q. When the low-voltage winding is 
short-circuited, the full-load current is obtained with 550 volts applied to the 
high-voltage winding. CalculatiO (1) the equivalent resistancfe and leakage 
reactance referred to the high-voltage side, (2) the leakage reactance of each 
winding. 

Taking the full-loa<l efficiency as 98-5 per cent, the full-load primary cur- 
rent = 300,000/11,000 X 0-985 == 27*7 A. Hence, 

Equivalent impedance (Z) 

= 660/27*7 * 19*8 O. 
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Equivalent resistance of secondary referred to primary 
= Jii' = 0 06(910/190)2 = 1-38 Q. 

Equivalent resistance of transformer (referred to primary) 

= = 16 + 1-38 = 2-98 Q. 

Equivalent leakage reactance of traxisforrner (referred to primary) 

^ X = > {R, -f R^')^] = 19-5 a. 

On the assumption that the ratio (leakage reactance /resistance) is the same 
for each winding, we have 

Leakage reactance of primary 

= = 19 5 X l*6/2*98 = 10-5 a 

Equivalent leakage reactance of secondary referred to primary 
= AY = 19-5 X 1-38/2-98 == 9-0(2. 

Leakage reactance of secondary 
« 9(190/910)2 = 0-39 a 

Voltage Regulation and Its Predetennination. The voltage regu- 
lation (called also inherent regulation) of a transformer is defined as 



Fio. 84 Fig. 85 

Ghaj^hic Methods uf Detekmining Voltage Keoglatjon of 
Tkansfokmer 


the difiference between the no-load and full -load secondary terminal 
voltages, expressed as a percentage of the no-load voltage, for con- 
stant supply voltage and frequency. Thus, if Fgo denotes the ter- 
minal voltage of the secondary at no load, and Fg denotes the 
voltage at full load, then the voltage regulation -- 100 (Fjq- F 2 )/F 2 o. 

The voltage regulation for a given load and power factor can be 
readily determined by the aid of Fig. 82 when the impedance volt- 
age triangle is known. It is more convenient, however, to draw 
the diagram in the form shown in Fig. 84, in which the impedance 
triangle is in a fixed position for all power factors. 

Thus draw the vector O/g, representing the secondary current, 
horizontal and on it construct the impedance voltage triangle Oab 
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corresponding to this current. lYom 0 draw an arc AC of radius 
equal to the no-load secondary voltage, and from the apex, b, of 
the impedance triangle draw bB, making the angle (p^ with the 
horizontal at h, cos (p^ being the power factor of the load. Join OB. 

Then ObB is the voltage triangle for the transformer, and the 
secondary terminal voltage corresponding to a load current /g is 
given by bB. The angle BOI 2 
is the approximate phase 
difference between the primary 
voltage and primary current. 

If with centre B and radius 
Bb we draw the arc EbD, then 
the voltage regulation is given 
by 100 ODIOB. 

The diagram is readily 
adapted for other load con- 
ditions by constructing pro- 
portional impedance triangles, 
as indicated in Fig. 84, and 
drawing the vector for the secondary terminal voltage from the 
appropriate apex. 

If the voltage regulation is required for a constant load current 
at variable power factor, the construction shown in Fig. 85 (called 
the Kapp diagram) is more convenient. Thus with 0 as centre in 
a horizontal axis AOC, draw a semicircle ABC having a radius 
equal to 100 units of length (e.g. 100 mm.). Let this length repre- 
sent the no-load secondary voltage [ — primary (supply) voltage/^]. 
Draw the perpendicular OB and let this represent the vector of 
the secondary current. Construct the impedance voltage triangle 
Oab as shown, and with b as centre, draw the arc DEF. Mark on 
OB B. scale of power factor with 0 at 0 and 1-0 at B. Then the 
percentage voltage regulation for any power factor is obtained as 
follows : (1) project the appropriate point on the power-factor scale, 
e.g. 0, to the circumference of the semicircle ABC, using the quad- 
rant AB for a lagging power factor and the quadrant BC for a 
leading power factor ; (2) join the point of intersection, e.g. II to 0] 
(3) measure the intercept, HJy which gives to a close approximation 
the voltage regulation directly as a percentage. ^ 

Calculation of Voltage Regulation. In cases whe^e a graphical 
determination will not give accurate results, the voltage regulation 
may be calculated. Thus, if the vector diagram of Fig. 82 is re- 
drawn, as in Fig. 86, with the vector OFg in the horizontal axis OX y 
then, since in practice (g?j - (p^) is a very small angle, the projection, 



Kig. 86. Vector Diaouam Illcstra- 
TING Derivation of Affroximate 
Formula for Voltage Kegulation 
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Oc, of OVi on OXy may be considered equal to which repre- 

sents the no-load secondary voltage, Fgo- Now Oc = OV2 + 

+ 6c, where h is the projection of the right-angled corner a of the 
impedance triangle on OX. But the side of this triangle 
= (R2 + Ri)l2t so that F26 ~ (R2 + Ri')l2 cos (p2. Similarly, the 
side oFi' = (X2 + X^)l2, so that be = (Xg + X^)l2 sin 
Hence, the percentage voltage regulation 
= 100 (Oc-OF2)/Oc - 100{F26 + 6c)/Oc 
== 100 [(jR 2 + Rx)h cos 9^2 + + ^i)h 9^2]/^2o • (^ 0 ) 


Example. Calculate the voltage regulation at a power factor of 0-8 (lag) 
for the transformer, of which data are given in the example on p. 155. 

We have, from p. 156, 


-I- = 0 06 -f 1-6(190/910)2 = 0-129 Q. 

A% -h X/ = 0-39 -f 10-5(190/910)2 = 0-897 0. 

The full-load current =--- 300,000/2200 = 136 A. 

Whence, since cos “ 0-8, 

and sin (p 2 — a/(1 - 0-8*) = 0-6, 

100(0-129 X 136 X 0-8 + 0-897 x 136 x 0-6) 
% regulation = — ' 


— 3-8 per cent 


11,000 X 190/910 


Equivalent Circuit. When developing tJie theory of the trans- 
former with magnetic leakage and losses, it was shown (p. 150) 
that such a transformer is equivalent to an ideal transformer (i.e. 
one without magnetic leakage or losses, but with a magnetic circuit 
requiring a definite number of ampere-turns), together with ex- 
ternal (series) resistances and reactance coils in tlie primary and 
secondary circuits, and a resistance shunted across the primary to 
represent the iron losses. The circuit diagram for these conditions 
is shovm in Fig. 79. 

To obtain the equivalent electric circuit, the magnetic coupling 
between the primary and secondary circuits in the ideal transformer 
must be replaced by an electric coupling. In order to effect this 
result, we make the ratio of transformation unity, adjusting the 
series resistances and reactances to suit, and connect across the 
primary circuit a reactance coil which will take a current equal to 
the magnetizing current. Thus, so far as voltages and currents are 
concerned, the series-parallel circuit shown in Fig. 87 will give con- 
ditions equivalent to those in the transformer. This electric circuit 
is therefore called the equivalent circuit of the transformer. It may 
be reduced to a simpler, i.e. a parallel, circuit shown in Fig. 88, but- 
this gives only a rough approximation to the actual conditions. 
The general vector diagram for such a parallel circuit has already 
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been deduced (p. 104), and therefore the approximate performance 
of the transformer may be predetermined by the method described 
on pp. 120, 121. 

The general vector diagram corresponding to the more accurate 
equivalent circuit (Fig. 87) is deduced in Chapter XXII, together 
with the method of predetermining its performance. 

By ignoring the magnetizing current and iron losses, the equiva- 
lent circuit diagrams of Figs. 87 and 88 reduce to a series circuit 
similar to that shown in Fig. 64 (p. 122) and discussed on pp. I22-I29. 

Losses and Efficiency. The losses occurring in a loaded trans- 
former are : (1) hysteresis and eddy-current losses in the iron core ; 



Fig. 87 Fig. 88 

Equivalent Ciucuit Diagrams for Transformer 


and (2) losses in the windings due to resistance and also to eddy 
cun’ents in the conductors. The losses occurring under item (1) are 
called iron losses \ those occurring under item (2) are called co^yer 
losses. 

Sin(;e for all ordinary loads under normal conditions of operation 
the main flux remains almost constant at its no-load value, the iron 
losses may be considered as a constant loss. 

The copper losses may bo considered as approximately propor- 
tional to the square of the current (primary or secondary). 

Now, efficiency power output/power input = (power input - 
losses)/power input = 1 - (losses/power input). 

Hence, the maximum efficiency will occur at the load for which 
the ratio (losses/power input) is a minimum. At unity power factor 
this load corresponds to equality of copper and iron losses.* Thus 


* At unity power factor the power input -- and the total losses 

= -f- The minimiun value of the ratio (total losaes/input) is obtained 

by equating the first derivative of this expression to zero and solving the 
equation. 






- (Pjv,) + liiv, = 0 


Wlience 
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if Pi denotes the iron losses, the primary current, and R the 
equivalent resistance of the transformer referred to the primary, 
then for maximum efficiency, I^R = P,-, or = \/(PJR), 

If the iron and copper losses are plotted as a percentage of the 
input as shown in Fig. 89, the percentage efficiency curve is readily 
deduced, and it will be apparent that the point of intersection of the 
copper and iron loss curves corresponds to the maximum efficiency. 

By suitable design, therefore, it is possible to make the maximum 
efficiency occur at any desired load. For example, if the full-load 
copper loss is equal to the iron loss, the maximum efficiency will 



Power Input ^ per cenp. 

Fio. 89. Curves of ErFfoxENCY 
AND Losses 



Time it) 

Ei(3. 90. Theoretical Heating 
Curve 


occur at full load; but if the full-load copper loss is three times 
the iron loss, the maximum efficiency will occur at 57*7 per cent 
[ = V(l/3)] of full load, assuming unity power factor. 

All-day Efficiency. Since transformers supplying lighting and 
general networks have usually to remain in circuit for long periods, 
the cost of the energy expended in the losses is an important item 
in the operation of the transformer, particularly when the trans- 
former is lightly loaded for long periods. The selection of a trans- 
former for a given service 'cannot therefore be made on the basis 
of a maximum efficiency at full-load, unless the transformer is to 
be fully loaded during the greater portion of the time it is in service. 
Instead, the basis should be a maximum all~day efficiency, a quantity 
which takes into account the energy output and input. 

Thus, 

all-day efficiency 

energy output for a given period ^ , 

^ ^ L — ; — (e.g. 24 hours) 

energy input during the same period 
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Example. A 300 kVA. transformer {A) has an iron loss of 1-25 kW. and a 
full-load copper loss of 3-75 kW. Another 300 kVA. transformer {B) has an 
iron loss of 2*5 kW. and a full-load copper loss of 2-5 kW. If each transformer 
is connected separately to a load which varies over a period of 24 hours in the 
following manner — 


Periods — 

1 H.m. — Ga.m. — 7 a. m.— 8a.m. — 9a.ni. — 12 noon — 2 p.in. — 6 p.m. — 8 p.m.— 10 p.m. — 1 a.m. 
Load (kW.)— 

100 200 300 360 300 280 300 360 280 200 


calculate for each transformer — (1) the all-day efficiency, (2) the cost of the 
losses over the above period on the basis of energy at a flat rate of 0-8d. per 
kWh. Calculate also the maximum efficiency of each transformer and the 
load at which this maximum efficiency occm*s. 

The first step is to calculate the losses corresponding to the loadings given 
in the load curve. I'lie iron losses arc, of course, constant and the copper 
losses at any load, say P kW., are obtained by multiplying the full-load 
copper loss by (P/300)®. 

Next, the kWh. expended in supplying the losses is calculated, and then 
the kWh. input and output during the loading periods are determined. The 
results are shown in tabular foi*in. 


Load (kW.) 

100 

200 

280 

300 

360 

Loading period (hours) 

5 

4 

4 

8 

3 

^ , n \\ Transformer A 

Copper losses (kW. ) \ ^ . 

0-42 

0-28 

1-67 

1-1 

3-26 

2-18 

3-75 

2-5 


Total losses (kW.) \ « ] 

1- 67 

2- 78 

2- 95 

3- 6 

4-51 

4-68 

5-0 

5-0 

6-65 

6-1 

kWh. expended in i IVansforraer A 
supplying losses < Transformer B 

8-35 
13-9 i 

11-8 

14-4 

18-1 

18-7 

40 

40 

2400 

19-95 

18-3 

kWh. outjiut tiuring loading period 

500 

800 

1120 

1080 


Total kWh. output during 24-hour period = 5900. 

Total kWh. expended in supplying losses during 24-hour period, 
transformer A = 98-3; transformer ii ~ 105-3. 

Whonee, 

All-daj'^ efficiency, transformer A — 5900/(5900 -f 98-3) = 0-984 
All-day efficiency, transformer B = 5900/(5900 + 105-3) = 0-975 
Cost of losses per diem, transformer A = 98-3 X 0-8 = 78*6 pence 
Cost of losses per diem, transformer B = 105-3 X 0-8 — 84-3 ponce. 

The maximum efficiency of transformer B obviously occurs at full load 
(since the iron and copper losses are then equal) and its value = 300/305 
= 0-984. 

In the case of transformer A, we proceed as follows: l^et x — load (kW.) 
at which maximum efficiency occurs. Then (a:/300)® X 3-75 == 1-25, whence 
a: = 173-2 kW. 

At this load, the total losses = 2-5 kW. and the efficiency = 173-2/175-7 
= 0 - 086 . 
la— (T. 5245 ) 
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Heating and Temperature Rise. The iron and copper losses pro- 
duce heating of the core and windings, and result in an increase of 
temperature of these parts with respect to the surrounding air or 
cooling medium. The rise of temperature will continue until the 
rate at wliich heat is dissipated by the cooling system is equal to 
rate at which heat is produced by the losses. 

If the rate of production of heat (i.e. the losses) is assumed to be 
constant, the transformer is assumed to be a homogeneous body, 
and the heat is dissipated naturally by convection, radiation, etc., 
the temperature rise will be a logarithmic function of the loading 
time (i.e. the duration of the loading measured from the time of 
application of load to the transformer initially at air temperature). 
The temperature -time curve is of exponential form, and the tem- 
perature rise, 0, at any instant, t, measured from the start, is 
given by 


6 - 0„(1 - ( 61 ) 

where 0^^ is the maximum temperature rise, and T is the heating 
time-constant, or ideal heating time, of the transformer. 

The heating time- constant is defined as the time, measured from 
the start, which would be required to reacih the maximum tem- 
perature rise (0^) if none of the heat were dissipated (i.e. if all the 
heat produced by the losses were stored in the transformer and the 
initial rate of temperature rise were maintained). 

The value of the heating time-constant may be obtained either 
by drawing a tangent to the initial portion of the temperature-time 
curve and determining the time corresponding to the intersection 
of this line and the temperature line 0^^, as shown in Fig. 00, or by 
calculating the ratio — (thermal capacity of the transformer/specific 
cooling factor), the specific cooling factor being the heat dissipated 
per second per 1° C. temperature rise. 

If, in equation (51) we make the substitution / == T, we obtain 
0 = i?^(l - g-^) = 0-6320 , Hence, instead of determining T by 
drawing a tangent to the temperature-time curve at the origin, we 
can determine from this curve the time required to attain a tem- 
perature rise of 63*2 per cent of the final temperature rise. 

The heating time -constant of actual transformers varies from 
about 1 hour to 5 hours, depending upon the kVA. rating, voltage, 
and the method of cooling. 

Although the theoretical equation, 0 = 0„,(1 - ), indicates 

that the final temperature is attained when the time is infinite, in 
practice this temperature is attained after a few hours of loading 
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in the case of small transformers and after several hours in the case 
of large transformers. 

Moreover, in practice, the actual heating and cooling conditions 
may contain variable factors, and also the actual transformer is 
not a homogeneous mass. These conditions will, of course, have 
some effect on the shape of the temperature-time curve. 

The permissible values of the final temperature rise of the wind- 
ings (as determined by resistance measurements) for constant 
loading at the rated load are : 55° C. for air-cooled transformers 
(75° C. is permissible when mica or asbestos insulation is employed) ; 
60° C. for oil-immersed transformers with natural circulation ; 65° C. 
to 70° C. for oil-immersed transformers with forced circulation ; the 
ambient air temperature not exceeding 30° C. and the inlet tem- 
perature of the cooling water (when employed) not exceeding 20° C. 

Methods of Cooling. The natural coohng surface of the core and 
windings is, except in the smallest sizes of transformers, insufficient 
to dissipate the heat produced by the losses (even when the efficiency 
at full load is of the order of 98 per cent), and therefore artificial 
cooling is necessary for transformers of medium and large sizes. 

Artificial cooling may take the form of either an air blast or oil 
immersion. In the latter case, the transformer is immersed in oil 
contained in a steel tank, the external surface of which, augmented 
if necessary by corrugations, fins or radiator tubes, provides the 
cooling surface for heat dissipation. A typical arrangement is 
shown in Fig. 178 (p. 264). The oil performs the double function 
of transferring the heat from the core and windings to the cooling 
surface, and of providing additional insulation for the windings. 
In cases where, with natural circulation of the oil and external air, 
the augmented cooling surface of the tank is insufficient for cooling 
purposes, the circulation is augmented either by an external air 
blast or an internal cooler with water circulation. If these devices 
are insufficient to produce the recpiisite coohng, the oil is circulated 
by means of a pump, and is cooled by an external cooler with either 
water or an air blast as the cooling medium. 

Auto-transfonner. An auto-transforrner is a transformer with a 
single winding. At no load a portion of this winding is common to 
both primary and secondary circuits. When the transformer is 
loaded, a portion of the load current is obtained direct from the 
supply, and the remaining portion is obtained by transformer action. 
Hence, for a given volt-amperes in the load, the volt-ampere output 
from the secondary winding will be smaller than that for the corre- 
sponding case when an ordinary, or double -winding, transformer is 
employed. 
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Circuit diagrams showing no-load and loaded conditions in auto- 
transformers are given in Fig. 91. From the diagrams (a), (6), for 
a step-down transformer, we obtain, when the magnetizing current 
and losses are ignored — 

= (^1 + 

I,N, (I, - 1,)N, or IJI, = (N, + N,)IN, == K 
VA. ratings of windings = ¥ 2(12 - A) + (^'^1 - ^ 2 ) A 
= Vi+ V2-2V1 


Comparison of VA. Ratings of Windings of Auto-transformer and 
Ordinary Transformer. Assuming the same load currents and volt- 
ages in each case, and ignoring m«agnetizing currents and losses, 



Fks. 91. f’^mcuiT Djaguams for Autd-tkansformers 
(«), (h), stop-down , (o), (d), stop-iij) 


the volt -ampere ratings of the windings of an ordinary transformer 
are 1 Fg/g --- 2Fif|, and the corresponding ratings for an 

auto -transformer arc + F 2/2 “ ^^ 2 ^ “ “ ^^ 2 ^ 1 - 

Whence, 

VA. ratings of windings of auto-transformer ^ Fg 
VA. ratings of windings of ordinary transformer F^ 

-i-j . m 

It can be shown that this expression also represents the approx- 
imate ratio of eopj)er in the windings of the two transformers. 

Hence, for low ratios of transformation the VA. rating of the 
windings of an auto- transformer (and also the amount of copper 
required for the windings) will be much lower than that of an 
ordinary transformer for the same load. For example, when the 
ratio of transformation is 2, the windings of an auto-transformer 
will require actually slightly less than one-half the amount of 
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copper required by the windings of an ordinary transformer for 
supplying the same load. 

Applications and Uses of Auto-transformers. On account of the 
common connection between the primary and secondary circiiits, 
the applications of auto-transformers in practice are limited to 
circuits where such interconnection is permissible. Examples of 
such cases are : Starting equipment (called auto-starters) for three- 
phase squirrel- cage induction motors ; control equipment of single- 
phase and three-phase electric locomotives ; voltage control of 
power and lighting circuits. On high-voltage transmission and dis- 
tribution systems, however, it is usually desirable to have the low- 
voltage circuits entirely isolated electrically from the high-voltage 
circuits, and therefore auto-transformers cannot be employed. 

Parallel Operation 

In the distribution of power for industrial and general purposes 
from a substation or distribution centre, two or more transformers 
are usually provided in order that the varying demands may be 
supplied as economically as possible. For example, at light loads 
only one transformer would be employed, and as the load demand 
increased additional transformers would be connected in parallel 
as required. 

Conditions for Parallel Operation. When transformers are to bo 
operated in parallel, the primary windings arc connected to the 
supply bus-bars and the secondary windings are connected to the 
load bus-bars. In making the connections, it is essential that ter- 
minals having similar markings or of similar polarity are connected 
to the same bus-bar. If this condition is not observed, the E.M.Fs. 
in the secondary windings of the transformers which are paralleled 
with incorrect polarity will act together in the local secondary 
circuits and produce the equivalent of a short circuit. 

In order to avoid circulating currents, and to ensure that the 
transformers share the load in proportion to their kVA. ratings, 
the following conditions must be fulfilled — (1) the jirimary windings 
must be suitable for the supply system voltage and frequency ; (2) 
the voltage ratio must have the same value for each transformer ; 
(3) the impedance voltage triangles corresponding to the kVA. 
ratings of the transformers must all have the same shape and size, 
i.e. at the full-load currents the impedance voltages must have the 
same value for all the transformers, and the ratio (resistance/react- 
ance) must also have the same value for all the transformers. 

If condition (2) is not exactly satisfied, i.e. the transformers have 
slight differences in their ratios, parallel operation is possible, but 
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circulating currents will flow in the windings. Over-heating 
may, therefore, occur if the full kVA. output is taken from the 
transformers. 

If condition (3) is not exactly fulfilled, i.e. the impedance triangles 
at the rated kVA.s are not identical in size and shape, parallel 
operation will be possible, but the power factors at which the 
transformers operate will differ from the power factor of the load. 
Hence, in this case the transformers will not share the load in 
proportion to their kVA. ratings. 

Standard Terminal Markings. Transformers built to British Stan- 
dard Specification have the terminals marked in accordance with 



1 Primary Bus 

bars 

T ^ 

WWW 

M 



wmm 


Fia. 92 Fio. 93 

B.fcJ.l. Teiiminal Markings and Connk(jtions of Transformers 
FOR Parallel Operations 


the diagram in Fig. 92, and therefore in connecting such trans- 
formers in parallel, similarly marked terminals are connected to 
the same bus-bar as indicated in Fig. 93. 

Test for Polarity. In the case of transformers with unmarked 
terminals, a preliminary test for polarity must be made before such 
transformers can be connected in parallel. For this test a volt- 
meter is required having a range double the normal secondary 
voltage. 

Thus supjiose we have two transformers A and B with terminals 
of unknown polarity. Permanent connections are made between 
the primary terminals and the supply, or primary, bus-bars. On 
the secondary side, one of the terminals of A is connected tempo- 
rarily to a terminal of B, and the other terminals of A and B are 
connected through the voltmeter (i.e. the two secondary windings 
and the voltmeter form a closed series circuit). If, when the pri- 
mary windings are excited, the voltmeter reads zero, the terminals 
which are temporarily connected are of similar or like polarity ; but 
if the voltmeter reads twice the normal secondary voltage, these 
terminals are of unlike polarity. 
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Equivalent Circuits. The equivalent circuit for two transformers 
operating in parallel is shown in Fig. 94. By ignoring the no-load 
or exciting currents, this circuit reduces to the much simpler circuit 
shown in Fig. 95, which, for the majority of cases, gives results 



Fkj. 94. Equivalent Circuit for Two Transformers 
Operating in Parallel 


which are sufficiently accurate for practical purposes when the 
ratios of transformation are equal. For the case when the ratios are 
not exactly equal, the more exact circuit of Fig. 94 should be used, 



Fig. 95. Apckoximatk Equivalent Circuit for Two Transformers 
Operating in Parallel 


in order that the appropriate values of impedance can bo obtained 
for the purpose of calculating the circulating current. ^ 

In the simple equivalent circuit of Fig. 95, we have only three 
principal voltages, viz. the supply voltage, ; the equivalent im- 
pedance voltage, F, and the load voltage, V^. Since these voltages 
are common to all the transformers, the vector diagram can easily 
be drawn. 
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Vector Diagrams for Parallel Operation. In all cases the primary 
windings are assumed to be suitable for the supply system as regards 
voltage and frequency. The diagrams (Figs, 96, 97, 98) are drawn 
for the parallel operation of two transformers. The vectors OV^y 



Fig. 96. Vector Dtaouam Kepreskntino Ideal Conditions for 
Parallel Operation 



Fio. 97. Vector Diagram for Parallel Operation of 
Transformers having Dissimilar Impedance Triangles 

OV 2 represent the jiriiuary (reversed) and secondary terminal volt- 
ages respectively ; 01, the load current., and 01^, 01^ the secondary 
currents. 

(1) Ideal Case. Fig. 96 shows the vector diagram. The imped- 
ance voltage triangles of the individual transformers are identical 
in size and shape, and are therefore represented by a single triangle 
Vi'aV^ with the ‘"resistance-drop” side, Fga, parallel to the load 
current vector 01. The currents 7^, /n, in the individual trans- 
formers are both in phase with the load current, 7, and are inversely 
proportional to the re8j)ective impedances. Hence, 7 — 7^ + 7^ ; 

~ '^b/'^aJ -^a = “f" ^b) J -^B “ ^^aK^a 4" ^b)* 

(2) Equal Ratios, Dissimilar Impedance Triangles. Fig. 97 shows 
the vector diagram. The impedance voltage triangles are now 
represented by two triangles FgaFi', FjtFj', having a common 
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hypotenuse F 2 F 1 '. The “resistance drop” sides FgU, Fgft, are parallel 
to the vectors, 0/^, 01 a, of the respective secondary currents, and 
the sum of these vectors represents the load current, OL The 
magnitudes of the secondary currents are, of course, inversely 
proportional to FgU and Fgfe. 

(3) Unequal Ratios, Similar Impedance Triangles. (Note. Only 
relatively small inequalities in the ratios are permissible in practice.) 
Both primary windings are assumed to be suitable for the supply 
system, so that when each transformer is excited independently 
and the secondaries are not paralleled, the flux and magnetizing 
current are normal. The no-load secondary voltages will then be 
slightly unequal. These conditions are represented in the vector 
diagram (a), Fig. 98. 

When the transformers are paralleled on the secondary siile and 
there is no load on the secondary bus-bars, the difference between 
the two secondary induced E.M.Fs. causes a circulating current to 
flow in both secondary windings. This current will be almost watt- 
less in relation to the E.M.F. producing it, and will cause voltage 
drops in both primary and se(*ondary windings of such magnitude 
that the two secondary terminal voltages are equal and are in phase 
with each otlier when considering each internal circuit. These con- 
ditions are represented in the vector diagrams (b), (c), Fig. 98; 
diagram (b) referring to the transformer (^1) having the higher no- 
load secondary voltage when independently excited ; and diagram 
(c) referring to the other transformer (B). In these diagrams, the 
vecrtors OIq represent the circulating current in the secondary 
windings; and the vectors OB^, OBn, the ampere-turns produced 
by this current. The exciting ampere-turns are represented by OC, 
and the corresponding primary ampere-turns and currents are re- 
presented by OAj,, OAn, and OJ^^, 01^ respectively. As the ampere- 
turns due to the circulating current are assumed to be greater than 
tlie exciting ampere-turns, the primary current in transformer B is 
shown in the third quadrant of the vector diagram, i.e. this trans- 
former is feeding back into the supply system. In consequence, the 
voltage drop in the primary winding of this transformer is negative, 
and the induced E.M.F. (Bas) is greater than the value shown in 
diagram (a). Actually, for the conditions shown in diagram (c), the 
internal E.M.F. in the primary is approximately equal to the supply 
voltage, OFi- 

The voltage drop in the primary winding of A results in an 
induced E.M.F., which is represented by the vector ViG. The 
corresponding induced E.M.F. in the secondary is represented by 
OE^^. 
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The common secondary terminal voltage, OFg, is obtained by 
compounding OE 2 K ^nd with the appropriate secondary im- 

pedance-voltages, which are of equal magnitude. Observe that the 
impedance voltage is compounded subtractive ly in one case (A) 
and additively in the other case (B). 

The vector diagram (ri), Fig. 98, refers to one condition when the 
secondary bus-bars are loaded. The load current is represented by 



Transfokmigus having Unequal, Ratios of Transformation 

O/gi the secondary currents by O/gAj primary cur- 

rents by Olii^y Oliii. The internal E.M.Fs. in the primary windings 
are represented by Oil, OJ, and the corresponding induced E.M.Fs. 
in the secondary windings by OE^k, OE^h. These E.M.Fs. when 
compounded with the appropriate impedance voltages give the 
common secondary terminal voltage OFg. 

Calculation 0! Loadings of Transformers for Given Load on Bus- 
bars. In practice the problem usuall}^ concerned with the parallel 
operation of transformers is the determination of the kVA. loading 
of the transformers when the kVA. and power factor of the load are 
known, together with the equivalent resistances and reactances of 
the transformers. 

The case which we will consider is that of two transformers 
having equal ratios, but dissimilar impedance triangles. The 
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exciting currents will be ignored. Hence, the vector diagram of 
Fig. 97 will apjdy, from which it follows that 

/a//b = == (-^B +iJfB)/(^A 4 

/ “* /a 4" /b J ~ /b-^b or 

whence === //(I + ZJZ^) = IZ^KZ^ + ^b) • • • (53) 

and /b = //(I + Zt^IZx) ~ IZJ{Zi^ “h ^b) • • • (54) 

Therefore and /b are determined. 

If the load kVA. is given, this quantity is substituted for /, and 
the results will give directly the kVA. loadings (symbolically) of 
the transformers. 

Tn many problems the resistances and reactances will not be 
given directly in ohms, but in the form of percentage voltage drops 
corresponding to full-load current. Since, however, the above equa- 
tions show that only the ratio of the impedances is required, the 
(;alc Illations may bo carried out directly with the percentage values 
when the transformers are of equal kVA. rating. 

Ill the case of transformers of unequal ratings, however, the ratio 
of the ratings must be introduced into the above equations. Thus, 
let /j,/ denote the full-load currents ; F 2 , the load voltage ; % 
^ZA/J % ^ZB/) the percentage impedance voltages corresponding to 
the full-load currents. Then % = 100 X 

= 100 X Z^I^fjVi. 

Whence ZJZ,, - (% F»,) X {kVA„/kVAJ . . (55) 

Z„/Z, = (% F^,/% F,,,) X (kVA^/kVAs) . . (50) 

Example 1. Two Iransformora aro connected in parallel to supply a load 
reijuiring 500 A. at 0-8 power factor (lagging), 400 V. The transformers have 
equal ratios of transformation and their equivalent impedances, referred to 
the secondary windings, are 2 + jZ ohms and 2-5 -f- ohms. Calculate the 
current and kVA. supplied by each transformer and the power factor at 
which it operates. 

bet ~ 2 j3f iZjj ” 2"5 -f- jS- 
Then Z^ -j- Z^^ ~ 4’S -h jS. 

Whence, from equations (53), (54), 

IZ^ ^ rm(0 8 -^jO’S) {2-5 d- JS) {4-5 -j8) 

+ ' 4-,y"f S'^ 

= 252 ‘-jlJO e 

= V(2522 -f 170-6«) = 304 A. 
cos 97 ^ = 252/304 = 0 829 

Zj, 500(0-8 - j0-€) {2 + ^3) (4-5 - j8) 

^ Z^ + Z^ 4-5“ -h 8 * 

= 148-J129-4 

Ij, - \/(148* -f 129-4*) = 197 A. 
coB<pjf = 14S/197 = 0-75. 
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Ez&mple 2. Two transformers, A and B, of equal ratio and rating, share 
a load of 200 kW. at 0*85 power factor (lagging). At full load the equivalent 
voltage drop in transformer A duo to resistance is 1 per cent of the normal 
terminal voltage, and that due to reactance is 6 per cent. The corresponding 
values for transformer B are 2 per cent and 5 per cent. Determine the load 
on each transformer. 

kVA = 200/0*85 == 235 

kYA = 2S5{0‘85 -jO-527) - 200^jl23‘8 

Whence 

kVA kVA 200~jm8 

^ l+ZJZi, 2lTj0 241 

= 87 6-j69 

kVA^ -- -I 692) ^ III 

cos = 87*6/111 0*79 

kVA 

• ^ i865-j0189 

- 112-4 -jSS 

kVA„ = 4- 552) ^ 125 

co8 9?u = 112*4/125 - 0*9 


Example 3. A 760-kV'A. and a 500-kVA. transformer arc (sonnocted in 
parallel to sujjply a load of 1000 kVA. at 0*8 power factor (lagging). At the 
rated kVA. tlie eciuivalent voltage drops m the transformers due to ri'sist- 
ance and reactance are 3 per cent and 5 per cent respectively for the 750 kVA. 
transformer, and 2 per cent and 4 per cent respectively for the 500 kVA. 
transformer. Calculate the loading of each transformer. 

Denoting the 750 kVA. transformer by A and the 500 kVA. transformer 
by /?, we have, from equations (55), (56), 


Whence 


^ (3 +jS\ 

Z„ “ V750/ \2 +j4) 

= 1147 + jO 0883 


0-867 - j00667 


kY A _ 1000(0-8 - } 0 - 6 ) 

~ r+ ZJZu " i-867 -j0-0667 
= 440 -jSOS 

kVA^ V(4402 + 30r>») = 535 
cos = 440/535*.= 0-822 

kYA 1000(0-8 -./8-6) 

KyAi, - j- " 2147 ■\ j0 0883 

= 360 -3295 


kVAj = V(360* + 295») = 4fi5 
COB = 360/465 = 0-774 



CHAPTER IX 

POLYPHASE CURRENTS AND SYSTEMS 

Distinction between Single-phase and Polyphase Systems. Up to the 

present we have dealt exclusively with circuits supplied from 
systems having only two line wires between which an alternat- 
ing E.M.F. was maintained. Such systems are called siiigle-phase 
systems, and in this country they are employed chiefly for light- 
ing and small-power industrial applications. But with large-power 
industrial applications, and when conversion to direct current is 
required, polyphase systems are employed because of the advan- 
tages which they possess for these purposes over single-phase 
systems. 

A polyphase system is so called because a number of E.M.Fs. of 
the same magnitude and frequency, but not of the same phase, are 
produced by the generator and are utilized by the loads. In gen- 
eral, an n-phase system has n E.M.Fs., with mutual phase differ- 
ences of 27T/rt radians, and requires a minimum of n line wires. 

Summary of Advantages of Polyphase Systems. The principal 
advantages of polyphase systems compared with single-phase 
systems are — 

(1) A polyphase alternator is smaller and less costly than a 
single-phase alternator of the same output, voltage, and frequency, 
because in the foriiKT case the armature periphery may be utilized 
more effectively than is possible in the latter case. Moreover, in 
the polyphase alternator the armature reaction, with balanced 
loads, is constant, whereas in the single-pliase alternator the 
armature reaction is pulsating, and this feature requires a more 
costly coiistruction in the single-phase alternator than in the 
polyphase machine (seci p. 243). 

(2) Polyphase transmission requin^s less weight of co])i)er in the 
line conductors than single-phase transmission (see p. 227), 

(3) With polyphase currents rotating magnetic fields may be 
produced by means of stationary coils (see p. 181). 

(4) The power in a polyphase balanced system is constant and 

non-pulsating (see p. 180). ^ 

(5) Polyphase motors and converting machinery have a higher 
efficiency and better performance than single -phase machines, 
these features being due to items (3) and (4). 

The Simplest Form of Polyphase Alternator. In Chapter I, when 
considering the simple alternator, it was shown that if the conductors 
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forming the coil-sides of the rotating coil were distributed over the 
surface of the supporting cylinder, the E.M.Fs. generated in the 
several turns were not in phase with one another (see Figs. 6, 7). 
Hence, if a number of coils, displaced from one another, are arranged 
on the cylinder and each coil is provided with slip rings and brush 
gear, as shown in Figs. 99 (a) and 100 (a) — which show the arrange- 
ment for two and three coils respectively — ^^ve shall have the simplest 
form of polyphase alternator. 

The mutual phase differences between the several E.M.Fs. are 
equal to the mutual angular displacements, in electrical degrees, 
between the respective coils. For example, with two coils fixed 
90 electrical degrees apart [Fig. 99 (a)] the phase differences 
between the E.M.Fs. will be 90 degrees, and with three coils fixed 
120 electrical degrees apart [Fig. 100 (a)] the phase differences will 
be 120 degrees. 

Assuming the coils to be rotating with constant angular velocity 
in a magnetic field of uniform density, the E.M.Fs. will vary as a 
sine function of the time, and may be represented by the equations 

ej = E^^ sin cof, Cg = E^^ sin(cof - Jtt), 
in the former case [Fig. 99 (a)] ; and 

Cl = E^^ sin cot, Cg = Fg^ 8in(cuf - §7r), 63= E^^ 8in(ft>f -f,n) 
in the latter case. 

Graphical representations of the E.M.F. equations are given, in 
rectangular co-ordinates, in Figs. 99 (6), 100 (6) ; and vector diagrams 
showing the R.M.S. values of the several E.M.Fs. arc given in 
Figs. 99 (c), 100 (c). 

Conventional methods of representing the alternators in circuit 
diagrams are shown in Figs. 99 (d), 100 (d). 

Two- and Three-phase Systems. If each coil of the alternators of 
Figs. 99, 100, is connected to a separate circuit as represented by 
the conventional diagrams in Figs. 101, 102, the currents, assuming 
these circuits to bo similar, wjU have phase differences of 90 degrees 
in the former case and 120 degrees in the latter case. Each of these 
combinations constitutes a polyphase system, the former, Fig. 101, 
being called a two-phase system, and the latter, Fig. 102, a three- 
phase system. 

Phases of a Polyphase System. In the present case the term 
“phase’’ refers to the separate circuits — forming part of, or being 
supplied by, a single alternator (or other source of electric power) — 
in which a phase difference exists between the generated, or 
impressed E.M.Fs. associated with the respective circuits. Thus 
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the circuits of a polyphase system are called the “ phases ” of 
the system. 

Symmetrical Systems. A polyphase system is symmetrical when 



Fio. 99. Simplest Form of Two-phase Alternator 



Fig. 100. Simplest Form of Three-phase Alternator 



Fig. 101 Fig. 102 


Circuit Connections of Alternators of Figs. 99 and 100 

the several E.M.Fs., of the same frequency, have equal maximum 
values and are displaced from one another by equal time angles. 
Thus in a symmetrical w-phase system the n E.M.Fs. are displaced 
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from one another by 1/wth of a period. The E.M.Fs., if sinusoidal 
are represented by the equations 

gj = E^ sin 0 ) 1 , gj = E^ sin ^a>t ^3 = E^ sin - 2 

• • • sin 

The E.M.F. vectors, therefore, form a regular closed polygon, and 
their vector sum is zero. Moreover, the algebraic sum of the 
instantaneous E.M.Fs. is zero at every instant. For example, 
with a three-phase system (n = 3) we have 

«i = sin €2 = E^ sin(tt>/ - §77), ga = E^ 8in(ft>< - ;;7r) ; 
whence 

+ <*2 + ^3 = [sin cot + sin(ft>/ - §7r) + sin (co^ - ^tt)] 

= E^[sm cot + 2 sin(ft>i -tt) . cos Jtt] 

= 0 . 

The principal symmetrical systems in practical use are the 
three-phase and six-phase systems, of which the latter is used 
almost entirely in connection with converting machinery and 
apparatus, and is obtained from a three-phase system. 

Balanced System. A polyphase system is balanced when the 
loads on the several circuits, or phases, are equal and have the 
same power factor. Under these conditions the instantaneous 
power in the system as a whole is constant, notwithstanding that 
the power in each phase is pulsating. This feature gives polyphase 
systems a great advantage over a single-phase system for the 
supply of power to motors and converting machinery. 

Interconnection of the Phases of a Polyphase System. If the 
phases of a polyphase system supply separate circuits, as in Figs. 
101, 102, then a pair of line wires is rcquirtid for each circuit. But 
by suitably interconnecting the phases the number of line wires 
can bo reduced without affecting the operation of the system 
Thus the tliree-phase six-wire system of Fig. 102 can be reduced, 
to one having only three lino wires. Similarly, four- and six-phase 
systems can bo operated with four and six-line wires respectively, 
and, in general, any symmetrical n-phase system can be operated 
with n line wires. 

The interconnection must be carried out in such a manner that 
if closed circuits are formed the sum of the instantaneous E.M.Fs. 
in them must be zero in order that there shall be no circulating 
currents in these circuits. 






POLYPHASE CURRENTS AND SYSTEMS 


177 


Tho principal methods of interconnection are (1) the star con- 
nection, (2) the mesh, or ring, connection. These are shown 
diagraniinatically in Figs. 103, 104. 

Star Connection of Polyphase Systems. The star connection, 
Fig. 103, is formed by joining one end of each phase to a common 
[)oint — which is called the “ neutral point ” — and connecting the 
other ends to the line wires. In making this connection for a 
generator, transformer, motor or apparatus in which the electric 
circuits are interlinked with magnetic circuits, the line wires must 
be connc^cted to the terminals, or the ends of the phases, which have 



like jmlariiy at successive instants, as if this condition is not fulfilled 
the interconnected system will be unsyminetrical. [Examples of 
dissymmetry due to incorrect connections are, for the three-phase 
system, givcm on p. 189. J 

Idence in these cases similar ends (i.e. eith(ir starling or 
“ linishing ” ends) of the ])hases — assuming the coils to be wt)und 
in the same direction and connected in the same manner — must 
be connected together to form the neutral point. For example, 
with the simple three-ydiasc alternator, shown in Fig. 100, the neutral 
point may be formed either, as shown in Fig. 105, by connecting 
together the coil -ends which were originally connected to slip 
rings 2, 4, 6, in which case the line wires are connected to slip 
rings 1, 3, 5 ; or, as shown in the alternative method of Fig. 106, 
by connecting together the coil -ends which were originally con- 
m^cted to slip rings 1, 3, 5, in which case the line wires are connected 
to slip rings 2, 4, 6, 

In the case of load circuits containing resistance or reactance, 
the particular ends of the circuits which must be connected together 
to form the neutral point are immaterial, provided that, with 

I3-(T.5245) 






Fia. lOf) Fig. 106 

Methods of Interconnecting the Three-phase Alternator 
OF Fig. J02, to Obtain Three Line Wires 


coil, shown in Fig. 107, then only similar ends of the coils may be 
connected togeth(H\ 

Line E.M.F. and Current Relationship for Star Connection. Tlie 
magnitude of the E.M.F. betwe^en any pair of line win^s, or terminals, 
of a star-connect(Kl j)olyj)hase alternator 
is given simply by th(5 vector difference 
between the E.M.Fs. of the phases to 
which these lines are connected, since in 
making the star connection of the wind- 
ings the ends of like instantaneous jiolarity 
were connected togcthcir. In the case of 
„ an unloaded n-phase symmetrical systcun 

OF Three-phase, Star- with sinusoidal It.M.hs. ('.ach of the line 

CONNECTED CHOKING voltagcs is eipuil to 
Coil 

2sin(77■/?^) X phase voltage, 

and leads the corresponding phase voltage by [^(tt - 27r/n) J radians, 
or (90- ISO jn) degrees, i.e. the voltage between the lines connected 
to, say, phases 1 and 2 is (90-180/w) degrees in advance of the 
voltage of phase 1 . 

Proof. Taking the positive diroction of the F.M.F. generat'd in each 
phase to be outwards, or away fmiii the neutral point, as inciiealed in Fig. 103, 
the H.M.S. values of tlie E.M.Fs. in two adjacent jiluisos are represented 

in the vector diagram of Fig. 108, by the vectors 0/1, OH. The E.M.F. between 
the terminals of these phases is given by the dilforenre of the vectors OA, 07i, 
i.e. by the vector OC. 

Now in a symmetrical system E, say. Hence, in Fig. 108, 

OA -- OH. and OC - AH. 

If A H IS bisected at F and this point is joined to O, the line OF is per- 
pendicular to A H anti bisects the angle between OA anrl OH. Therc'fore, 
AB — 2^4 Z'’ 20/1 sin l{2-n:jn). Wlienoo OC -- E^-E^ = 2E sin{nln) - 2 

sin (7t/n) X phase E.M.F. The angle Iwtween the vectors OC and OA is 
[^TT - i(27T/H)] radians, or (90 - 180/w)°. 
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The current in any line is equal to the current in the phase to 
which the line is connected. 

Mesh, or Ring-connected Polyphase System. The mesh, or ring, 
connection (Fig. 104) is formed by joining the several phases in 
series to form a closed circuit and connecting the line wires to the 
junctions of the phases. In making this connection for a generator, 
transformer, motor, or apparatus in which the electric circuits are 
interlinked with magnetic cii'cuits dissimilar ends of adjacent 
phases must be connected together. Hence the resultant E.M.F. 
acting in the closed circuit is equal to the vector sum of the several 


A 




D D 

Fig. 108 Fig. 109 

Vector Diagrams for Star- and Mksh-connected PoLYriiASE 
SYSTEM.S 

phase E.M.Fs. In the case of symmetrical systems with sinusoidal 
E.M.Fs., the resultant E.M.F. is zero, and therefore no circulating 
currents will flow in th(^ closid circuit. With nori-sinusoidal 
E.M.Fs. the resultant E.M.F. may not be zero, and in this case 
circulating currents will flow in the closed circuit. 

Line E.M.F. and Current Relationship for Mesh Connection. The 
E.M.F. between two adjacent line wires is equal to the E.M.F. in 
the phase to which these line wires are connected. 

The current in any line wire is equal to the vector difference of 
the currents in the phases connectc‘d to that line wire. In the case 
of a balanced w-phase system in which the currents are sinusoidal 
the line current is equal to / 

2sin(7r/n) X phase current, 

and leads the currents in the phases connected to that line wire 
by angles of (Jtt + tt/w) and (\n -irjn) radians, as shown below. 

Proof. Let the positive direction of the currenl-s in the phases and lino 
wires be that marked in the circuit diagram of Fig. 104. Then, assuming 
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balanced loads, the phase currents are represented, in the vector diagram 
of Fig. 109, by the vectors OA^ Oli^ for the two phases under consideration. 
The current in the line wire connected to these pliases is equal to 
and is represented by the difference of the vectors OA and OB^ i.e. by the 
vector OC, 

Now for a symmetrical and balanced system /j - /j = /, say. Honco, in 
Fig. 109, OA — Off, and OC =- BA ^ 2 OA sin J(27r/n). Whence the line 
current ( — 00) Ji- J2 ~ ^ sin(7r/n) 2 sin(7r//0 X phase current. 

The angle between 00 and OA- -i.o. the phase difference between the 
current in line wire A^ Fig. 109, and the current in phase f — is equal to 
4 (ti: - 2Tc/n) = ( Jtt - tt/m) radians, or (90-I80/)n°. Similarly, the angle 
between 00 and OB is equal to (Jtt f Tc/a) radians. 

Power in a Balanced Polyphase System. The power in a balanced 
pol3^hase system is, at any instant, equal to the sum of the instan- 
taneous power in the separate phases. Thus if in an w-phase 
system the several E.M.Fs. are given by the liquations 

--= E^mv(x)t, f>2 — E^nSm{cot-2TTln), sin(m< -2(27r/n)), 

. . . sin(cui - 27r(n - l)/w), 

and the currents arc given by the equations 
h = sin(a)^ - 9?), tg = sin(coi -(p- 'Znln), 
h == /ni8inM--(^-2(27r/n) ), . . . 
the instantaneous power is given by 
P = e^ii + 62^*2 + 63^3 + * • • + 

== . sin {cot - (p) -{■ sin {cot - 27r jn ) . sin (o)t - ip -277 In ) 

+ sin(cu^ “ An In) , sin(cof -9? - An In) + - . . J 

= J [cos 9? - cos (2a>f - 9? ) + cos 9? - cos {2a)f -cp- An In) 

+ cos 93 - cos(2cot - 93 - Snin) + . . . ] 
p = Ejn^m ^ ^ - t'us(2c;^ - 9?) - I cos (2fju^ - 93) . cos An In 

+ sin(2fo^ - 95) . sin Anln^ - \ cos(2cu/ -(p) . cos 877 /w 
+ sin(2a>^ -93) . sin 877/nl - . . .] 

= ^E^IJf^[n cos 93 - cos(2a)f - 93) 1 1 + cos An 1 71 + COS877 /ti | 

sin(2co^ - 93) I sin Anin + sin 877 /w + ...{] 

= InE^ cos 93 

n E I cos 93 . . . . . . . , (57) 

[Note. — 1 + cos An In + cos 877 /n -f- cos 1277/w + . . . ~ 0, 

sin An In -f- sin 877 /w + sin 12nln + . . . =0, 

n being an integer.] 

Hence the instantaneous power is expressed in terms of the 
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constant quantities E, /, n, cos 9?. Therefore the total power in 
any polyphase system with balanced loads is entirely free from 
pulsation. 

Production of Rotating Magnetic Fields by Polyphase Currents* 

In addition to the above advantage a symmetrical polyphase 
system possesses the further advantage that a uniformly rotating 
magnetic Held, of constant magnitude, may be produced by means 
of stationary coils. 

The general conditions to be satisfied for the production of a 
bi-j)olar magnetic field from an 7i.-j)hase system are (1) the number 



Fia. 1](). ScAC’ic AND VecToii Diaorams for Analytical I^roof 
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of magncjtizing coils must equal the number of phas(\s, (2) these 
coils must b(' similar and must be arranged symmetrically with 
resj)ect to a central axis, and (3) the angle between tlunr magnetic 
axes, tak(ui in order, must equal the mutual jhase difference bt^tween 
tlu'. currents supplied to the coils (i.c. 300/^ degrees). 

Tlu; spcNxl of rotation of the magnetic field is equal to the angular 
vclo(uty of the supply currents, i.e. the sj)eed in revolutions per 
s(x;oncl is equal to the frequency of the supply currents. 

When a multipolar magnetic field is required there must be n 
similar coils per jiair of poles, and th() angle, measured in degrees, 
between the magnetic axes of the successive coils must equal 
(3G0/|7yt)), where p is the number of poles. In this case the speed 
of the field, in revolutions per second, is ('.qual to //ip, where / 
is the frequency of the supply currents. 

Jn all cases the magnitude of the rotating fitdd is givcm by 
H = \nH^y ^ 

where is the maximum magncto-motive-force due to one c^oil. 

Anah/tlral Proof. Consider tliree coils arranged, as in Fig. 110. with their 
inugnetie axes 120'^ Fot those coils be siipjjliod from a syinmeiriral 

three phase system, and let the instantaneous values of their M.M.Fs. be 
represented by tbe equations 

/'a ^ - §Tr), hij =- sin(w/ - Jtt). 
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These M.M.Fs. have directions in 8po.ce along the magnetic axes of the 
respective coils and they are each alternating at the frequency of the supply 
currents. 

The value of the resultant in space, due to the joint action of the 

coils may, at any particular instant, be obtaineil from a knowledge of thoir 
components, at this instant, along two arbitrary axes perpendicular to 
each other. 

Thug, taking one axis (F) along the magnetic axis of coU A, and measuring 
space angles in tho counter-clockwise direction from the positive or right-hand 
horizontal axis, we have for the sum of the components of M.M.Fs. along the 
vertical axis at the instant t 

sin 90® + sin 210® + sin 330° 

= ^f^[Hin mt - i(sinfft>/ - Jtt) - J sin(co^ - t^)] 

~ /i^Jsin oit - i(sin odLcoh - cos cof.sin §7r) 

- i(8!n Olt.COS ^TT - 008 cu^.siii |tc) ] 


— ^sin o)/ - 1 sin o)t~ ^ cos a>t^ ^ H ^ ^0] 


= sin wi. 

Similarly, the sum of the components of M.M.Fs. along tho perpendicular 
axis (X) at the instant t are 

210 ® -f Jiq cos 330 ° 

“ "m [- - 3") + -^S'" - 31^)] 

= ^Miiuut.cos |T:-cosarf.Kin jTt^ + ^siti(u<.cos jjt 




“COS wt. sin 


1 . . , 1 • , , VS A 

- sin ait “I cos sin ml | —7- cos 1 



+ 'i iffn cos 

Therefore the magnitude of the resultant M.M.F. at the instants t is given by 
h ^ + h^'^) y/ {(|j Bin cot)^ |- (3 cos ml)^ ] 

- 

i.e. the resultant M.M.F. is constant in magnitude and is equal to 3/2 
X maximum M.M.F. of one coil. 

Let 0 represent the sfiace angle wliicli the resultant M.M.1’\ makes with 
the X axis at tlio time t. 


Then 

i.e. 


tan 9 ^'^ =-= 
0 — Oil. 


tan ml. 


Therefore the magnetic field -rotates in the counter-clockwise direction 
witli an angular velocity of ai, and the number of revolutions per second is 
equal to the frequency of tlui supply currents. 

Graphical proof. The eon.structioii for the graphical proof of the theorem 
is extremely simple for the case of two coils supjilied with current from a 
two-phase system, tho coils being arranged about a common centre with 
their magnetic axes perpendicular lo each other. We shall, however, give 
the construction for the tliroe-phase case. 

First, a time diagram is required showng tho instantaneous values of tho 
M.M.Fs. of tho coils at successive instants of tiio period. Tins diagram may 
be drawn either in rectangular co-ordinal.es, as shown in Fig. Ill (a), or in 
polar co-ordinates, as shown in Fig. Ill (6). 
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Seiiond, a spaeo vootor diagram is required showing the directions of these 
M.M.Fs., as well as their magnitudes, in space. 

The space vector diagram for the tbree-pliase case iind<''r consideration is 
shown in Fig. Ill (r), and contains three axes of reference, OAT, OF, OZ^ having 
a mutual displacement of 120°. 

To obtain the direction and magnitude of the resultant M.M.F. at successive 
instants, the instantaneous values of the M.M.Fs. of the coils are obtained 


(a) 



9 


(b) (O 

Fio. 111. Time aisij Space Diaokams for Gbavhical, Pkoof 
OF Theorem of Rotating Magnetic Field 

from the time diagram and are transferred to the s]iace vector diagram 
from winch the resultant is obtainoil by constructing t he vector parallelogram. 

For exampli', let the ■jieriod be divitieil into twelve equal parts and the time 
intervals be numbered 0 to 12, as in Fig. Ill (a). At zero tune let the M.M.t. 
of coil A be zero and the M.M.Fs. of coils li and (J be represented by tht» 
ordinates in Fig. Ill (a). Setting thivse <pian titles off as Or^, in 

the s])ace vector diagram of Fig. Ill (c), we obtain, by constructing the vector 
parallelogram, the direction atul magnitude of the resultant Or^. Since 
=. - 0-8G6 //^, and - 0-80G the resultant Or^ is equal to 

2 X O-SOG //„, CO.S 30° .] 

W^hen one-t.welfth of a period lias elajised tlie M.M.Fs. oj the coils are 
represented in the time diagram by the ordinates o,, r, ; and when these 
(piantit ies are set off in their correct ]iositj<ins in the space vector diagram 
we obtain the resultant Or,. Since a, — ~ 

resultant Or, is equal to -f- 2 X G0° — Moreover, the 

angle between Or^ and Or, is 30'’, wiiich is equal to the time angle (i.e. 

X 360°) between the points 0 and 1 in the time diagram. Similar results 
will be obtained for other points of the period. 
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Henoe the magnitude of the resultant M.M.F. is constant aiid is equal 
to 

The locus of the resultant M.M.F. vector is a circle, and the radius vocrtor 
makes one revolution during each period of the supply current. 


Application of Polyphase Systems. Of the various polyphase 
systems available the three-phase system is the one most extensively 
employed at the present day, firstly, because this system requires 
the minimum number (three) of line conductors of any polyphase 
system, and, secondly, because it is possible, by means of stationary 
transformers, to obtain other polyphase systems — such as the 
two, six, nine, and twelve-phase systems — from a three-phase 
system. 

COMMERCIAL POLYPHASE SYSTEMS 


We will now consider the three-phase and six -phase systems 
more in detail. 

Three-phase System 

In a symmetrical system the phase E.M.Fs. are represented by 
the equations 

Cj = sin co<, Cji = - § 7 t ), e,„ ™ Ey^ sin(co/ - *7r) 

Star-connected System. The circuit diagram for a star-connected 
system is given in Fig. 112, in which the assumed positive directions 
for E.M.Fs. and currents are indicated by arrows. The instantaneous 
values of the terminal, or line, E.M.Fs. are therefore given by the 
equations 


^1- 


— Cjj V2 - 3 

= Eyn [sin (ot - sin (ijot -577)] 

— 2IiJyy^ sin Jtt . cos (of - ^tt) 

™ \/3 . Eyy^co>i((ot -^tt) 

= . E,y,sin((x)t + ^tt) 


/^\,Jsin (m^-|7T)~sin (cof- 
2Eyn sin Jtt . cos(cof - tt) 

■ V . E,n COS (co^ - 77-) 

= - Jtt) 

~ ^’111 “ 

= J^\„[sin(ct>^ “;^7 t) - sin cot] 
= 2Eyy^ sin Jtt cos(co^ 

= (^‘os(a)/ -iiTr) 

= ^3 . E^y^ sin(m/ - In) 


Thus the line E.M.Fs. are equal to one another and have a mutual 
phase difference of 1 20 degrees, or §77 radians. Also, the line E.M.Fs. 
have a phase difference (leading) of 30 degrees, or J 77 radians, with 
respect to the phase E.M.Fs. For example, the E.M.F. between 
lines 1 and 2 is 30 degrees in advance of the E.M.F. of phase I ; 
that between lines 2 and 3 is 30 degrees in advance of the E.M.F. 
of phase II ; and that between lines 3 and 1 is 30 degrees in advance 
of the E.M.F. of phase III. 
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The R.M.S. values of the line E.M.Fs. are 

^3.1 = ^/3.E. 

The vector diagram for a star- connected symmetrical system 
with balanced loads is shown in Fig. 113, in which the vectors 
OEi, OE^t represent the phase E.M.Fs., and the vectors 

OF, . 2, OFg _ 3, OF3 . „ represent the line E.M.Fs. ; OF, . 2 
the difference between the vectors 0A\ and 0E^^ \ OFg. 3, the 





Fio. 112 Fig. 11 3 

CiiieiJiT AND Vector Diagrams of Three-rhasp:, Star-connkcted 
(Three wirp:) System 


difference between the vectors OE^ ami Oii\„ OF3 . the differ- 
ence between the vectors 0^,„ and OEj. These vecjtor differences 
may also bo represented by the sides of the triangle formed by 
joining the extremities of the vectors representing the phase E.M.Fs. 
For example, the side E^Eif taken in the direction - Ej, is 
equal and parallel to 0 F, _ 2- Similarly, the sides E^^^ and E^^ 
are equal and parallel to the vectors OF*, y and OF3 _ , respectively. 
Hence in a star-connected system the line E.M.Fs. may be repre- 
sented by the triangle (or polygon, when the numbi'.r of phases 
exceeds throe) formed by joining the extremities of the vectors 
representing the phase E.M.Fs. 

The line and phase currents are shown, in Fig. 113, by the vectors 
0/,, Oh, OL^, each of which has a phase difference of q) with respect 
to the phase E.M.Fs., 97 being the power factor of ^ each of the 
balanced loads. Hence the phase difference between the current in 
any line and the voltage across adjacent pairs of line wires may be 
(36 + 9))°, (150 + 9?)°, according to the particular 

phase and line wires considered. For example, the phase difference 
between the current in line 1 and the voltage across lines 1 and 2 is 
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(30 -1- (py lagging ; that between the curient in line 1 and the 
voltage across linos 3 and 1 is (150 + <p)° '• between 

the current in line 1 and the voltage across lines 2 and 3 is (90 - 9?)° 
leading, the appropriate line E.M.F. vector being considered as the 
vector of refcKjnce in eacli case. These phase differences are shown 
clearly in the vector diagram, which has been drawn for q> lagging. 
If 9? is leading the phase differences become (30 - 9)°, (150 - 9?), 
(90+ 9?)°. 

Star-connected System with Neutral Wire. This system, which 
is shown diagrammatically in Fig. 114 and is called the three-jyhase 
four-mre system, is used in cases where unbalanced loads have to be 
supplied from a three-phase system. The principal application of 
the system in practice is for supplying single-phase lighting net- 
works from a three-phase system which also supplies a power load ; 

and its advantage over the ordinary 
three-phase star-connected system 
without neutral wire (which is usually 
called the three-ptiase three-wire system) 
is that the powder load may be supplied 
Fin. 114 . Ctrcuit Diacram OF at a higher voltage than the lighting 

'J’nRFK-FHASK, FoiTR-wuKE load, siiicc the latter is supplied at 
yvspEM .s phase ” voltage, while the former 

may be supplied at the “ line voltage of the system. For 
example, if the lighting load is supplied at a pressure of 230 volts, 
the power load may be supplied at a pressure of 230 X \/^ “ 
400 volts. 

The current in the neutral wire is equal to the rev(^rse(l vector 
sum of the currents in the line wires. Thus when the single- 
phase loads are balanced there is no current in the n(‘-utral wire, 
since the vector sum of three equal quantities having a mutual 
phase difference 120° is zc^ro. When, however, the singUi-phase 
loads are unbalanced the magnitude of the current in the neutral 
wire and its phase relations with respect to the line currents depend 
upon the manner in which ,the unbalanced loads are distributed 
on the system. Vector diagrams for a number of cases are shown 
in Fig. 115, and a worked example is given in Chapter XIX. This 
example shows also the mamier in which the voltage drop in the 
neutral wire affects the symmetry and balance of the voltages 
across the loads. 

Delta-connected System. The circuit diagram for a delta-con- 
nected* three-phase system is shown in Fig. 116 (a), in which the 

* The mesh connection of three-phase circuits is usually called the “delta” 
connection, and is represented by the symbol A. 
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phases are drawn in the same relative positions as in the diagram 
(Fig. 112) for the star-connected s^^stem. A comparison of the dia- 
grams will show what changes in connections are necessar}^ to 
convert one system to the other. 



Fk;. lir>. Vkctor Diagkams Showing Method or Determining 
Current { If ,) in Neutral Wire of Three-phase, Four-wire Svstem 
01 ^ should bo reversed in direction 


Tlie conventional circuit diagram for the delta- connected system 
is shown in Fig. 116 (6), this form of the circuit diagram being used 
in practice in preference to that of Fig. 116 (a). In both diagrams 
the assumed positive directions for E.M.Fs. and currents are 
indicated by arrows. 



Fig. ]10 Fig. 117 

Circuit and Vector Diagrams of Three-piiase, Delta-connected 

System 


In the delta-connected three-phase system the line E.M.Fs. are 
equal to the phase E.M.Fs., and their instantaneous values are 
therefore represented by the equations 
- 2 = sin (oty 

^2-3 = en = ^;„sin(co<-S7T), 

«'3 - 1 = «m = 8 in{<w< - »• 
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Hence the R.M.S. values of the line E.M.Fs. are 

Fi.2=^; ^3-1=/;. 

If the system is balanced the instantaneous values of the phase 
currents may be represented by the equations 

h = Im^in(a)t-(p)y ill = Im^in((ot - §77 -(/?), im = J^Hm(cx)t - -99) 

and the instantaneous values of the line currents will then be 
represented by the equations 

h = h - hii === Im sin((:o/ - 9?) - /^*sin(a>^ -tir-cp) 

= 's/s. I ^ sin(£o^ - Jtt - 9?) 

h = hi - h = Im sin(a)t - §77 - 9?) - sin(a)< - 99) 

-= \/ 3 ./w 8in(a)^ - ,^77 - <p) 

H = hii “ hi = ^m sin (o)/ -^.77 -99) - m\(a)t - Itt - (f) 

V3-^m sin(cu/ - ;‘!77 - 99 ) 

Thus the line currents are equal to one another and have a 
mutual phase difference of 120°, or §77 radians. Also the current 
in any line has a phase difference, lagging, of 30°, or ^77 radians, 
with resj^ect to the current in the lagging phase connectc‘d to that 
line. For example, the current in line I (whi(^h is connected to 
the junction of phases 1 and ITT) has a ])hase difference of 30°, 
lagging, with resx)ect to the current in x^hase I. Similarly, the 
current in line 2 has a phasiJ difference of 30°, lagging, with respect 
to the current in x^hase II, and the current in line 3 has a phase 
difference of 30°, lagging, with respect to the current in jdiase III. 
The R.M.S. values of the lino currents are 

/j==/y^3; /2-/V3; 

The vector diagram for a delta-connected system with balanced 
loads is shown in Fig. 117, in which the vectors OEi, OEn, OEm 
rex^rosent the x>hase E.M.Fs. — and also the E.M.Fs. between the 
line wires- -O/i, 01 n, O/jjj represent the x^hase currents, each 
lagging 99 with respect to' the approx)riatc phase E.M.F., and 
O/j, 0/2, 0/j, represent the line currents. Observe that the x^hase 
difference betweijn the current in any line wire, c.g. 1, and the 
voltage across the adjacent line wires, e.g. 1 and 2, is (30 + 99)°, 
and is lagging with respect to the line voltage. 

Therefore j the piuise relations between line currents and line voltages 
are the same for star^ and delta-connected systems; and in every 
symmetrical and balanced system the line-voltage vectors are displaced 
from the line-current vectors by an angle of (30 9 being the 
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phase difference between the E.M.F. and current in each phase, the plus 
sign to be employed when (p is lagging and the minus sign when tp is 
leading. 

Conversion of & Balanced Star-connected Load into an Equivalent 
Mesh-connected Load and Vice Versa. In constjquencc of the above 
relationship between the line and phase currents and voltages, 
any symmetrical and balanced star-connected system may be 
replaced by an equivalent nmsh-coimccted system, and vice 
versa. For example, a three-phase star-connected system in which 
the line voltage is V and the line current is I may be replaced 
by a delta-connected system in which the jdiase voltage is V and 
the phase current is I /V^* 

Similarly a balanced star-connected load for which the imi)edanoe 
of each branch is equal to Zijcp^ may be replaced by an equivalent 



Fifi. 118. Equivalent Stah and Delta CiiumiTs 


delta-connected load for which the impedance per phase is equal 
to 3^/99^^. These equivalent conditions are shown in the circuit 
diagrams of Fig. 118. 

Pro<tf. Ijct r - lino volLa.^(<, 1 lino und Zy - inifiodaiifo pnr 

])luiso for Iho Htfir r-otHHH'tod .syst<*m. Thon tlio jihaso volliij^o is o(|uaI io 
r/\/3, and tlio ij1iiis( 5 rurront, is injuiil io /. VVhonoo Zy 17(\/3.y). 

Now in tlio oC|Uivalont didia-ooniiooUid systoiri iho lino volla^n and iMirront 
must luwo tho saino values as in ilui star-<‘onrnM‘ftxl system, and tbomforo wo 
must havo 

pliase volta^o - F, phaso c.urront. / / \/3, 

iinpodanoo por jdiaso — — - F/(//\/3) — - • 3Zy, 

since Vjl ^ y'3.Zy. 

Moroovor, as tlio phase diffi^ronco botwocn tho lino volta^o and lino current 
must. 1)0 tho samo in botli systems, wo must havo, thoroforo, tho same phase 
difforonoo betwoon t.ho phase’ voltaj^es anil currents. Hence Z^j - - 3Zy f (/)®. 

Tho cast’s of unbalancoil loatls are considered in Chajitor XIX. 

Incorrect Star Connections. Two cases of incorrect star connec- 
tions are shown in Fig. 119, and tho vector diagrams are shown in 
Fig. 120. Til one case, Fig. 119 (a), one phase has been incorrectly 
connected, and in tho other case, Fig. 119 (b), two phases have been 
incorrectly connected. In both (jascis the vector diagrams show 
that the line voltages are unbalanced and are not 120” apart. 
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With non-sixiusoidal wave-forms, however, a reading will bo obtained 
on the voltmeter, even if the connections are correct, but this 
reading will usually be less than twice the phase E.M.K. In such 
cases the non-sinusoidal E.M.F. results in circulating currents in 
the closed circuit, and the value of this current will depend upon 
the magnitudes and frequencies of the harmonic components of the 



Fiq. 123 Fia. 124 

OiJtcuiT ANo Vector Dtaohams of Ziozao Connection of 
Three-phase System 


E.M.F. wave, as well as the impedances of the closed circuit at these 
frequencies. A worked example is given on page 309. On account 
of this feature the A-connection is not usually employed in 
connection with alternators. 

Zigzag Star and Open-delta Connections of Three-phase Systems. These 

c’()iin< 5 Clioiis are niodilications of the star and dolla eoniHHU-ions ami are 
tircasionally oinpJoyod in (‘onnoction wiili peneral-ors and tninsfonnorH.* 

Olie zigzarj-star vonnection (called also the “ intcr-connectod-.star ” con- 
nection) is shown diagrannnatically in Fi^. 123, and requires each phase of 
the generator, or t-ransforinor, to be wound in two equal siHitions, which are 
connected in the manner shown in Fig. 123 {a) 

The vector diagrairi for this c.onnection is shown in Fig. 124, from which 
it follows that if the K.M.F. of each half-section of a phase -winding is ocpial 
to the pliase voltage of the system is equal to O-HOOE, and the 

lino voltage is equal io\/3(^ E.x''^) ' Therefore, with this connection, 

the lino K.IM.F. is only 86 G per cent of that which would be obtained from 
the same machine wnth the normal star connection. 

The vector diagram also shows that tho vectors representing the phase 
voltages of the system hav'e a ]ihase difference of 30°, lagging, with respect 
to the vectors representing the induced E.M.Ks. ; and that the vectors 
representing the line v’^oltagcs are in phase with the lattiT. Hence if <p is 
tho phase dill'erence between tho phase F.M.Fs. and currents, the phase 
difference betwtion the line K.M.Fs. and currents will be (30 \- <f°), as in an 
ordinary three-phase system. ^ 

The zigzag-star connection therefore results in a reduc*tion of tlie output of 
the alternator, or transformer, in wliicli it is employed, and its use is restricted 
to casi^s whore the ordinary star connection is inadmissible, tor example, if 
the F.M.F. wave-form of an alternator is known to contain a component of 
triple frequency, this comjionent may Ije eliminated from the phase K.M.F. 

• For other roniiertlons which are suitable for instrument transformers, see the Author's 
pQwer Wirintf Third edition (Pitman), p. 156. 
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by employing the zigzag-star connection, as the triple -frequency components 
of the R.M.Fs. in the sections of the phases which are connectocl in series 
neutralize each other, ilue to these sections being 120 ® apart and reversed 
relatively to each other. 

The Open-delta Connection (called also the “V ’’-connection) is occasionally 
employed in connection with transformers, but it is never employed with 
alternators. It is obtained from the delta connection by leinoving one 
pha.se, as shown in the circuit diagram of Fig. 125. When equal E.M.Fs., 
having a phase difference of 120 °, are induced m the remaining two phases. 



Fin. 125 Fig. 126 

ClltOUIT AND V^ECTOTt DIAGRAMS OF OPEN -DELTA OR V -CONNECTION 

OF I’hree-pha.se System 


the R.M.Fs. between the line wires are equal and have a phase difference of 
120 °, as in a symmetrical three-phase system. 

The vector diagram for tins connection is shown in Fig. 126. The E.M.Fs. 
induced in phases 1 and II are represented by the vectors OV\ g, and OV^ 
[Fig. 126 (a)], which also reyiresent the E.M.Fs. between linos 1 and 2, an(l 
2 and 2 , riispectivoly. Tlu^ E.M.F. between lines 3 and 1 is equal to the 
reversed ve^ctor sum of the E.M.Fs. indu(?ed m phases I and II, and is repre- 
sented by the vector Thus, the line E.M.Fs. are equal and have a 

mutual phase difference of 120 '^. 

If a balanced load is connected to the lino wires tlie line currerds vnll be 
equal to one another and will liavo a mutual jdiase difference of 120°, as in a 
symmetrical three-phase system. The currents in the phase windings will 
be equal to the current .s in the wires. Thus, if Jq, are the load 

cuiTcnts (s(5€i Fig. 125), the current, /j, in line I is given by /i =- f ^ 
that, /. 2 , in line 2 is given by ijj /b~ /^ ; and that, /g, in line 3 is given 
/a = These cuiTOnts are represented, in the vector diagram of 

Fig. 126(5), by the vectors 01^, 01^ ; and the currents in eac.b phase of 
the load ai’o reyiresentod by the vectors D/p, OTq. 

'I’he current in ])hase i of the transformer is equal to that in line 1, and is 
representeii by the vector 0/j ; but tlio current in phase 11 is equal to the 
vector sum of the currents in phase 1 and line 2, i.e. /jj =- /, -f ~ L- 

Hence the currents in the pha.scs of the tran.sformer have a phase difference 
of 60°, instead of 120° as in the normal delta coiinoction. Moreover, tlio 
current in pliase 1 has a phase ihfTeronce of (30 d- 7 ))°, lagging, with re.s])cct 
to the voltage between lines 1 and 2 : but the current in phase II has a jiliase 
difference of (30 - 7 ^)°, leading, with res})oct to the voltage U^tween lines 
2 and 3. 

The total power su])]ilied by the two phases is, therefore, equal to 
VI cos(30 "f (p)° -f- VI c()s(.30 - 9 '))° = ! cos (p. Thus the power sup- 

plied by each phase is equal to \.{\/'^.VI cos 9 ?) ; whereas, with the normal 
delta connection (i.e. with three phases) and the same phase currents, the 
power siqiplied hy each phase is equal to VI cos (p. Hencio the output per 
phase with the open- delta connection is only 1^3 = 0-860 of that obtainable 
with the delta connection and same pliase current. In consequence of this 
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reduced output the opon-dolta connection is employed only in cases where 
the saving of tlio cost of the third transformer is important, as in transformer- 
starting apjiaratus for polyphase motors. (See Power Wirwg Diagrams, 
p. 104.) This connection, however, is useful in practice for obtaining a 
temporary (three-phase) supply from a group of three delta -connected 
transformers in the event of one transformer becoming defective. 

Power in Three-phase Circuits. Th(3 power in a balanced poly- 
phase system has already (p. 180) been shown to be equal to 
nEI cos q), where E, /, are the phase E.M.Fs. and currents, and q> 
is the phase difference btjtween them. Hence in a balanced three- 
phase system the j)ow(ir is given by P ~ 3P/ cos tp. 

In the case of a star-connected system the line voltage, T, is 
equal to \/3P, and the power is given by P = cos 9?. 

Similarly, with a delta-connected system the line current (/') is 
equal to \/3 . and the power is given by P = . EV cos (p. 

Therefore, in general, the power in a balaneed three-phase system 
is given by 

V^3 X line voltage X line current x cosg?. 

In the case of an unbalanced system the total power must be 
obtained by taking the sum of the powers in the separate pliascs. 
Thus if the instantaneous values of the phase E.M.Fs. are given 
by the equations 

61 = Ei„ sin (til, e„ = sin(ci)< - §ir), e,„ am{o)l- f,Tr) ; 

and the instantaneous values of the phase currents are given by 
h »„=/n„sin(w<-§77-q'j2), I 

the instantaneous power will be given by 

p ^ + e„?„ + 

= sin cot . sin(a)< -(JPi) + 

sin(coi - Itt) . sin(cof - - cp^) + PuiTn^iiim 

sin(co^ - i^TT-) . sin(a)t - - cp^) 

== i ^imAm[cOS9?i-COS(2o>^-9?i)] + 

[cos 92 - COS( 2 cof - - 92) ]+ iPiiirr/niwi 

[cos 93 - COS(2(Ot ~ nTT - 93) ] 

= P|/j [cos 9i - cos(2co/ -9i)]+^iilii 

[cos 921 1 - cos{2(ot - ^tt) I - sin 93 . sin(2fu/ - .V)] 

+ ^11 Jm [cos 93 1 1 - cos(2cu^ - ^tt) \ — sin 93 . sin (2ct>^ - TiTt) ] 

Hence the mean power is given by the mean value of the above 
expression taken over a period. Thus 

P = Eyli COS 9i “h ^ii^n cos 92 cos 93 • • 

since all terms of double frequency become zero when averaged 
over a period 

14""(T.5245) 
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Therefore the mean j)Ower in an unbalanced three-phase, or any 
polyphase, system is equal to the sum of the mean power in each 
phase. 

[Note. — ^The case for which the E.M.F. and current are non- 
sinusoidal is discussed in Chapter XIV.] 

Measurement of Power in Three-phase Circuits. With balanced 
circuits the total power may be measured by a single wattmeter in 
a number of ways.* For example, if the neutral point of the 
system is available the wattmeter may be connected as shown in 



Star-oonnected System and Balanced Loads 


Fig, 127, in which the current coil of the wattmeter is inserted in 
one of the line wires and the potential coil is connected between 
that line wire and the neutral point. The total power is equal to 
three times the power indicated by the wattmeter. When, however, 
this method is employed in practice it is customary to mark the 
scale of the instrument in terms of the total power instead of the 
actual j)ower indicated by the instrument. 

If the neutral point of the system is not available, the total power 

may still be measured by means 
of a single wattmeter, but in this 
case it is necessary to impress on 
the potential coil of the wattmeter 
a voltage which is equivalent to 
the phase voltage of the system. 
With low-voltage circuits and the 
dynamometer type of wattmeter 
this equivalent phase voltage may 
be obtained by the use of a 
star-connected potential circuit, 
as shown in Fig. 128, in which 
one branch consists of the potential coil of the wattmeter and the 
other branches consist of resistances equal in value to that of the 
potential coil. For extreme accuracy the inductance of each of 
these branches must equal that of the potential coil. Thus the 
* See Power Wiring Diagrams, Third Edition, p. 168. 



Flo . 128. Method of MEAstmiNo 
Power in Balanced Three-phase 
System, wmr Isolated Neutral 
Point 
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wattmeter indicates the true power in one phase of the system, as 
in the previous case. 

With unbalanced circuits the total power may be determined by 
measuring the power in each phase, by separate wattmeters, and 
adding the results. Such a method requires three wattmeters and 
is not used in practice because the same result may be obtained by 
means of two wattmeters, or a single wattmeter of the polyphase 
type (p. 381), connected in the manner shown in Fig. 129. The 
total power is then given by the algebraic sum of the readings of 
the wattmeters, when two instruments are employed. When a 
polyphase wattmeter is employed, the total power is given by a 
single reading of the instrument, and this feature renders this type 
of instrument very serviceable for commercial circuits. It sliould 
be noted that in each case the results are true, whether the system 
is balanced or unbalanced. 


The theory of the two-watirmter method of power measurement 
is best developed by considering the case when two separate watt- 
meters are employed, as we are then able to show how the power 
factor of a balanced system may be obtained from the readings of 
the instruments. Moreover, since a polyphase wattmeter consists 
essentially of two single-phase instruments with a common moving 
system, the proof devel- 
oped for the case of two 
separate wattmeters may 
readily be interpreted for 
the case of the polyphase 
wattmeter. 



Theory of the Two-wattmeter 
Method of Measuring Power in 
Three-phase Circuits. Let the 

positive direction of E.M.Fs. 
and currents in the circuit be 
tlnit marked by the arrows in 
Fig. 129. Them if tho instan- 
taneous values of the currents ^ 

ii. lines 1 mid 2 (in wl.ich the I'l"- >29. Cmcvit Diaubam fOB Iwo- 
curront coils of the wattmeters wattmeteb Method of Measuring Power 
W\, ore inserted) are Ihmk-phase Systism 

denoted by i,. ig respect- 
ively, tho instantanooua power measured by wattmeter H j is tiqual to tj 3 , 
and that measured by wattmeter W g is equal to igUg.g. Observe that the 
positive directions for the E.M.Fs. impressed on the potential coils of the 
wattmeters are ; Vj.s for wattmeter IFj, and t’g-g for wattmeter W 2 . 

The sum of these quantities is 

igt’g.g + 

But if the phase E.M.Fs. of the system are Cj, eji, fm, wo have Vg., Cjj - p,„, 
v,_g “ r j “ Cjjj, and therefore 

t'aV* + = h(«’n ~ ^ut) + ■“ ^m) (h + ^3^ 
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Now in any threo-j^hase three-wLro system, whether the loads are balanced 
or unbalanced, the instantaneous sum of the currents must be zero, i.e. 
h h 0, or -f *2 ^ - /g. 

Therefore the sum of the instantaneous quantities measured by the 
wattmeters is given by 

and is equal to the total power in the system. 

With a balanced system 

- 74* H -- f tc) ; 

u,.., = E^^ sm (jGt - sm{(ot - ^tt) 

E ^^[2 iioH l{2wt ^7r).sm (I x ^tt)] 

~ 8in(a>^ - ^tt) 

*^2-3 ^ - §^) - sin(mi I^tt) 

- - A\„L2 cos ^(2a>^ - JiTcl-sin X §t:)] 

= V^-^^rn sin(a>i - 

Hence the instantaneous jiower moasurtnl by wattnn^ter ITj is given by 

Vi 1^1-3 == 7*) 

- iV'3.fc’^,/^„lcos(^Tr- (p) - CAyH[2u}t - \tz - q))\ 
and the reading on this instrument is given by 

I\ --- 

cos(30-<74° 

=-- VI cos(30 - 90)®, where V is the line voltage of the system. 
Similarly the instantaneous ]>ower measured by wattmeter V\ is given by 
Pz - VV3 *■- ' 7^) 

-- lcoB(i7t }- r/i) - cos(2ag - "^Tt . 99)] 

and tlio i‘oading on this instrument is given by 
-= A v/3.A\,/„,cos(i7r 1- 7^) 

- \- 

-- F7 cos(30 I- 


\No1e. If 99 is loailing instead of lagging, l\ — VI cos (30 + 9 ^)°» anel 
t\ VI cos(:H)^99°).] 

Now the ratio of the readings of the wattmeters gives 

J\ TV cos(30 -1 99 )® cos 30®.cos y) — sin 30®.sin 99 
7*1 r/ cos(30 V (f)° cos 30°.cos rp^ sin 30°.sin 97 

fp ^ 8 in qp 
J 7^ 4- i 8in 99 

Cross multiplying, wo have 


l\{y/‘A.CAiii (fi j- 811199) - P^{-y/‘i.COH (p - sin 99). 

Whence 

{l\ H- 7*2) win 99 — \/ 3 ( 7 ^, - P^) cos (p 

Hence 


^ _ sin 9 ? / /», - 7% /o / ^ \ 

’’ ■■ ■ cos q, ^ \P, + I‘J ( 1 + I'tipj 

1 1 + PJl\ 

V(l + tan*v-) ‘ 2V(1 -^',M"i +(9V/'iP) ' 


and cos tp - 


(69) 
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Therefore the pt)vver factor of a balanced Kystem may bo obtained from 
the readings of the wattmeters without a knowltnlge of the vedt -amperes. 

A curve, calculated from equation (69), cenmecting power factor and the 
ratio of the wattmeter readings is given in Fig. 130. 

Variation of Readings of Wattineten with Variation of Power Facter. Another 

interesting feature of the two-watlmett^r method of jiower measurement, 
when applied to balanced systems and when two wattmeters are employed, 
is the manm^r in which the readings vary when the power factor of the system 
is varied, the volt-amperes being constant. 'J’hus, since one wattmeter, 



Fig. 130 Fig. 131 

Variation of Wattmeter Kbaoings (in Two-wattmeter Method) 
WITH Power Factor (Balanokj) Loads and Sinusoidal. Current 
AND Pressure) 


measures the jiroduet VJ cos(30- <y;)°, and the other wattmeter, measures 
the product VI cos(30 | 9^)^ equal readings will only bo obtained on the 
instruments, with balanced loatls, when cos(30 -- 97)° -■ cus(30 ■]- 9?)®, i.e. 
when 99 = 0.* 

Under these conditions, 

P, - VI cos 30 ® 0-860 F/ ; I\ - VI cos 30 ® = 0-866 F/ 

P Pj f J\ = 1-732 VI. 

For all other values of (p, exco]>t 99 - 90®, the readings of the instruments 
will bo unequal. 

For example, 

when 97 — 30°, i.e. the pow'er factor ^ cos .30® -- 0-8G(>, 


I\ 


VI cos(30° - 30®) = VI 
VI cos(30® -1- 30®) - 0-5 VI 


p ^ 1.5Fi( = 0-866 y 1-732F/) 


When 99 — 00®, i e. tlio j lower factor — cos 60° = 0-5, 


- F/cos(.30® 
P^ = Ficos(30® 


60°) 0-806 VI 

60°) - 0 




0-866r7( 0-5 X 1-723 ry) 


Wlien 99 = 90°, i.e. the power factor = cos 90® 0, 


- F/cos(.30° - 90®) 0-5 i P - P A V 

Pj - VI cos(,30® f- 90®) - - 0-5 Vl\^ ^ 


♦ If 99 is leading Instead of tagging, wattmeter measures the product VI cos (30 A- 99)*, 
and wattmeter measures the product VI cos (30 - 99)®. In this t^ae, assuming balanced 
loads, wattmeter w., Fig. 129, will show the larger reading (except in the special case when 

V » 0). 
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A curve showing the manner in which the readings of the wattmeters vary 
as the power factor is varied is shown in Fig. 131. 

Hencjf^ at unity power factor equal readings, both positive, are obtained 
on the wattmeters ; at a power factor of 86*0 per cent the reading on one 
instrument is double that on the other ; at a power factor of 60 per cent one 
instrument reads zero ; and at zero power factor equal readings are obtained, 
but one is now jiositive and the other is negative. Moreover, at power 
factors above 60 per cent both wattmeters are reading positively, and the 
total power is therefore obtained by adding the readings. But at power 
factors below 60 percent one wattmeter is reading in the negative direction, 
and the connections of its pressure coil, or, alternatively, the connections of 
its current coil, must bo reversed in order to obtain the reading. Hence, 
under these conditions, the total power is obtained by subtracting the 
readings. 

Therefore, when using separate wattmeters for measuring power by the 
two-wattmeter method, it is very important to know whether the smaller 
reading (Pj) positive or negative, as otherwise the total power cannot be 
computed. In cases wluire the polarity of the current and y>otcntial ter- 
minals is marked on the instruments, or where the manufacturer's diagram 
showing the correct connections of the instrument is available, or where tlie 
power factor of the load is known to be above, or below, 50 yier cent, there 
will be no difficulty in interpreting the readings of the wattmeters. But in 
other cases a tost will have to be made to ascertain the connections which 
give a positive reading on each wattmot(ir.* 

Measurement of Power in a Three-phase Four-wire System. The 

two-wattmeter method may also be adapted to measure the power 
in a three-phase four-wire system, but in this case it is necessary 
to supply the current coils of the wattmeters from current trans- 
formersf inserted in the principal line wires in order to obtain the 
correct magnitudes and jihase differences of the currents in the 
current coils of the wattmeters, since in the three-phase four-wire 
system the instantaneous sum of the currents in the principal line 
wires, or “ outers,” is not necessarily equal to zero, as is the case 
for a three-wire system. In general, in the four- wire system, the 
sum of the instantaneous currents in the “ outers ” is equal to the 
instantaneous current in the neutral wire, and the reversed vector 
sum of the R.M.S. currents in the “ outers ” is equal to the R.M.S. 
current in the neutral wire. 

* For example, each instrument is connected to a single phase circuit. 
Altc^rnatively, if it is permissible to open-circuit the line wires (1 and 2, Fig. 
129) in which the current coils of the wattmeters are connected, single-phase 
power may be supplied to each instrument without disconnecting it from 
the circuit ; e.g. single -phase power may be supplied to wattmotc^r Wy by 
open-circuiting line wire 2, and single-phase power may be supplied to 
wattmeter W^hy open-circuiting line 1. 

t A current transformer is a special typo of transformer designed to give 
a constant ratio between the currents in the jirimary and secondary windings 
when operated with a closed secondary circuit. Tlio primary winding is 
connected in series with the main circuit, and the secondary winding is 
connected to the current coil of a wattmeter, ammeter, or other current- 
measuring instrument, which is therefore supplied with current proportional 
to that in the primary circuit Instrument (current and potential) trans- 
formers aro considered in detail in Chapter XVII. 
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The connections of the wattmeters and current transformers for 
measuring the power in a four-wire system by the two-wattmeter 
method is shown in Fig. 132. 

Assuming, for simplicity, the current transformers to have a ratio 
of transformation of unity, and neglecting the small phase dis- 
placement between the curn5nts in primary and secondary windings, 
the currents in the secondary windings, which supply the current 
coils of the wattmeters, will be equal in magnitude to the currents 


Supply 

0 3 2 1 



Fuj. 132. CnuMTTT Diaguam for Two-wattmkteh Method of 
Measituing Power in TmiEE-rHASB, Foctr-wibe System 

ill the line wires to which the primary windings are connected, and 
the mutual phase difference between the secondary currents will 
be equal to the mutual phase difference between the primary 
currents. It is necessary to observe, however, that the secondary 
currents are reversed in direction relatively to the primary currents. 

If the instantaneous values of the currents in the secondary 
windings of the current transformers are denoted by ij, tg* hf 
current in the current coil of wattmeter Wi is equal to - ig, and 
that in the current coil of wattmeter W 2 is equal to - 12 - Hence 
if the phase voltages of the system are denoted by C|, e,„, and the 

assumed positive directions arc those shown by the arrows in Fig. 
132, the instantaneous power measured by wattmeter is given by 
Pi — ei(ii - /g), and that measured by wattmeter W ,2 is given by 
p 2 ~ ^in ih -H)- The sum of these quantities is therefore given by 

V ='Vi+P2 = «i(h - ^' 2 ) + “ H) 

= ejij + — 12(^1 + ^iii) 

+ ^11^2 4 " ^111^3 > 

since, in a symmetrical system, Cj + = -e„. 
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But the expression + e ,^^2 + Cinia) represents the instan- 
taneous power in the system. Therefore two wattmeters, or a 
polyphase wattmeter, connected as shown in Fig. 132, will measure 
the total power in a three-phase four-wire system whether the 
loads are balanced or unbalanced. 

An extreme case of unbalanced loading occurs when a single-phase 
load is connected across two of the line wires. Thus, assume the 
load to be connected across lines 1 and 2, as in Fig. 133 (a), and 

0 3 2 1 0 3 2 1 



Fia. 133. CiBCuiT Dtaorams Showing Cgrbents in Wattmeter 
Coils with Single-phase Loads 


let i denote the instantaneous value of the line current. Then the 
current in the current coil of wattmeter Wi is equal to 2iy and that 
in the current coil of wattmeter W 2 is equal to i. Hence the 
instantaneous power measured by wattmeter Wi is given by 
Pi = 2ie„ and that measured by wattmeter W 2 is given by pg === 
Whence the sum of these quantities gives 

P = Pi + P2^ + lein = i(2ei e^) 

= Hh + (^1 + ^iii) ) 

= i (Ci — Cij ) 

= ivi.2, 

where is the voltage between the line wires, 1 and 2, across 
which the load is connected. 

But the expression represents the instantaneous power 
supplied to the load. Therefore the sum of the readings of the 
wattmeters, or the reading on the polyphase wattmeter, when such 
an instrument is used, gives the power supplied to the single-phase 
load. 

Similarly, if a single-phase load is connected across lines 1 and 3, 
as in Fig. 133 (&), and i denotes the instantaneous value of the 
line current, the current in the current coil of wattmeter is 
equal to t, and that in the current coil of wattmeter IFg is equal 
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to - 1. Hence the instantaneous power measured by wattmeter Wi 
is given by = tCj, and that measured by wattmeter W 2 is given 
by P 2 = Whence the sum of these quantities gives 

P ^ Pi P2 ~ = *'(^i ” ^11) 


= tv. 


l-8» 

where 3 is the voltage between the lines, 1 and 3, across which 
the load is connected. Therefore, in this case also, the sum of 
the readings of the wattmeters gives the power supplied to the 
single-phase load. 

Again, if the load is connected between one of the principal line 
wires and the neutral wire (e.g. between lines 1 and 0), the current 
i circulates only in the current coil of wattmeter Wi. The power 
measured by this wattmet(;r is, therefore, given by p = and 
that measured by the other wattmeter (W 2 ) is zero. 

When the load is connected between lines 2 and 0 the current i 
(iirculates (in the negative 
dii'ection) in the coils of 1 3 2 

both wattmeters, and 
accordingly p2 

= -^Pi+P2=^-i{ei+e2) 

Hence in general two 
wattmeters, or a poly- 
phase wattmeter connected 
according to Fig. 132, may 
be employed for measuring 
the power in any three- 
phase system, whether 
throe- wire or four- wire, 
under any condition of 
loading. In the case of 
the three-phase three- wire 

system, however, the connections, when current transformers are 
necessary,* may bo simplified to those shown in Fig. 134, for 
which only two current transformers are required. 

Reactive Power in Three-phase Circuits. In Chapter V (p. 71), 
the reactive power in a single-phase circuit was defined as : the 



Fig. 134. Circuit Diagram of Polyphask 
WA' n’MKTEU WITH Instrument 
Transformers 


• Current transformers are necessary with all high-voltage 8y8t(5in8 in 
order to avoid the direct connection of the instrurnont to the high-voltage 
circuit. In such cases the potential coils of the instruments are supplied 
from potential transformers. Current transformers are also necessary in 
cases where the line currents are larger than those for which the current 
coils of instruments can be conveniently wound. Further details of the uses 
of current transformers are given in Chapter XVII. 
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product of the impressed E.M.F. and the component of the current 
which is perpendicular to it, i.e. the product El sin (p. This 
definition may be extended to include pol3rphase circuits under 
conditions of balanced loads. Thus the reactive power in a poly- 
phase circuit of n phases is given by the product nEI sin 9?, where 
Ef 7, denote the E.M.Fs. and currents of each phase. Hence for 
a balanced three-phase system the reactive power is given by 
= ZEl sinq) = \/3.F7 sin cp. 

As in the case of single-phase circuits, the reactive power in a 
polyphase circuit represents the rate at which energy must be 
supplied to the circuit to maintain the magnetic and electrostatic 
fields, i.e. the rate at which energy is stored in the circuit ; but in 
the polyphase circuit with balanced loads the stored energy is con- 
stant and does not surge between the generator and the circuit. 

Measurement of Reactive Power. In a balanced three-phase 
circuit the reactive power may be measured directly on a single 

wattmeter by so connecting the 
current and potential coils that at 
unity power factor the currents in 
^ them have a phase difference of 
90®. For example, if the current 

Via . 135. Connections of a foil of the wattmeter is connected 

Wattmeter to Measure the in one line wire, No. 1, and the 
Keaotive Power in a Three- potential coil is connected across 

the other line wires, Nos. 2 and 
3, as shown in Fig. 135, the reading on the wattmeter will represent 

the product ,77 /on xo x/r • 

VI cos (90 - 9?) = VI sm rp, 

and therefore the reactive power in the system will be given by 
times the reading on the wattmeter. 

When, however, the two -wattmeter method of power measure- 
ment is employed, and separate wattmeters are used, the reactive 
power may be obtained from the readings on the wattmeters. 
Thus, if I\, P 2 , are the readings on the wattmeters, then 
Pi = VI cos (30 - ^)®, P2 = VI cos (30 + 

Whence, 

Pj - P2 F/[cos(30 - (py - cos(30 -f cp^] 

VI [cos 30°. cos (p + sin 30°. sin 9? - cos 30°. cos 9? 
sin 30°. sin 9?] 

== F/sin9? 

Therefore the reactive power in the system is given by '\/3 times 
the difference of the readings on the wattmeters. 
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Six -PHASE System 

In a symmetrical system the phase E.M.Fs. are represented by 
the equations 

sin a)t, ain(coi - J77), = E^ sin(co/ - Jtt), 

= E^am(a)t-7r), ey= E^a\n{a)i- irr), eyi=i2^^ Bin(co^ - tt) 

Star-connected System. With a star-connected system the line 
E.M.Fs. are equal to the phase E.M.Fs. (since the E.M.F. between 
any two adjacent line wires is equal to the vector difference of the 
E.M.Fs. in the phases to which these lines are connected), and the 
line E.M.F. vectors are displaced 60° (leading) with respect to the 



{Circuit iHai/ram) ( 1 ’eclor iHuuram) 

Fig. 136 . Circuit and Vkctoh Diagrams for Six-riiAss 
Star-connected System 

I Note. The vectors OEi, OEn, . . . represent the phase E.M.Fs., and the vectors 
OFj-j, . . , (which are coincident with OA'vi, OA’|, . . .) represent the lino E.M.Fs. Observe 
that tlie line E.M.Fs. may be drawn in the form of a regular hexagon.] 

phase E.M.F. vectors, as shown by the vector diagram of Fig. 136, 
and also by the equations 

sm CDf - " 4^) 

2ii;^[cos(tti/ - Jtt) . sin Jtt] = E^ sin(ft>^+ 4^) 
■* ^11 = - 4^) - fiin(C0« - §W) 

= 2iS^^[cos(ft>^- J7r).sin 47J‘] = 

^^3-4 ^IX ” ®[V ~ ^i^ 4^ ) *“ 77 ) 

= 2J^^[cos(w^ siri 4 ‘”']=-^to 8in(a)^ - 4^)f 


etc., etc. 
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The R.M.S. values of the line E.M.Fs. are equal to those of the 
phase E.M.Fs. Thus 

Fi .2 = E, F 2.3 - E, F 3.4 = E, F 4 .B = E, Fb b - E, 
where E is the R.M.S. value of each of the phase E.M.Fs. 

The line currents are equal to the phase currents, and the phase 
difference between the linc-E.M.F. vectors and the line-current 
vectors is equal to (60 -|- 9 ?)°, lagging, where (p is the phase 
difference between phase E.M.Fs. and currents. 

Mesh, or Bing-connected System. With balanced loads the line 
currents are equal to the phase currents, and the line-current 



Fig. 137. Cmcurr and Vector Diagrams for Six-imiase 
Mesh-connected System 


vectors are displaced 60 degrees, lagging, with n^spect to the phase- 
current vectors, sincjc the current in any line is equal to the vector 
difference of the currents in the phases connected to that line, as 
shown in the vector diagram of Fig. 137. Thus the jihase difference 
between the line E.M.Fs. and the lini^ currents is equal to (60 + 9 ?) 
degrees, lagging, where 9 ? is the phase difference between the phase 
E.M.Fs. and currents. 

Applications of Six-phase System. The six-phase system is not 
used for general power distribution, as it possesses no advantages 
over the three-phase system for power supply to motors, and has 
the great disadvantage of requiring double the number of line wires 
of a three-phase system. 

For supplying rotary converters, however, the increased number of 
phases of the six-phase system is an advantage, as a larger output 
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can be obtained from a given size of armature than when the supply 
is three-phase, due to the lower resultant PR losses in the formeV 
case, other conditions being equal. 

The six-phase system is also advantageous for the power supply 
to mercury-arc power rectifiers, as the larger number of phases and 
anodes compared with a three-phase, three-anode rectifier result in 
a smoother output voltage and a larger output from a given size of 
bulb or tank. 

In the majority of cases where the six-phase system is used in 
practice the six-phase current is obtained from a three-phase 
system by means of static transformers as shown below. But in 



( Circui t diaurams) ( yectf/r diayratm) 

I3H. CiHCUiT ATsii) Vkctoh DiAcniAMs for the Star Method 

OF Sr/'l*FHYTNO A SlX-THASE LOAI) FROM A TjlREE-PIlASE "rRANSFORMBR 

(a) Tninsforiner Coniioftions ; (f/) Circuit Dianrain sliowinR UirectiouH of Ciirroiits in 
Sccoiulary Wiiuliii^s and Loa^l , (c) Vector liiaKrain ol E.M.Fs. ; (d) Vector J)iaKrani 

of Currents 

Sf)ecial cases ((;.g. when a large amount of power in the direct - 
current form is to be generated, using steam turbines as prime 
mov(^rs) the generators are wound to supply six-phase current 
directly to the rotary converters, which are located close to the 
generators, thus minimizing the disadvantages of a six-wire 
distribution. 

Methods of Obtaining a Symmetrical Six-phase System from a 
Three-phase System. A symmetrical six -phase system may be 
obtained from a symmetrical three-phase system by means of a 
three-phase transformer, or, alternatively, three 'single-phase 
transformers, provided with double secondary windings. Both the 
star and mesh methods of interconnecting the secondary windings 
may be employed, the interconnections for the star connection 
being shown in Fig. 138, and those for the mesh connection being 
shown in Fig. 139. With both methods the line voltage is equal 
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to the phase voltage (i.e. the voltage at the terminals of each of 
the half -sections of the secondary windings), and the line current 
is equal to the phase current. Moreover, with balanced loads, the 
line-current vectors are displaced (60 + 9?)°, lagging, with respect 
to the lino-voltage vectors. 

With the star connection the E.M.F. between any pair of line 
wires is equal to the vector sum of the E.M.Fs., or the reversed 
E.M.Fs., as the case may be, in the two half -sections of the secondary 
windings to which these lines are connected. For example, if the 
E.M.Fs. in the double secondary windings are represented by 
the equations 

c, = sin mi, e,, = 7i'„, sin(to< - §7r), e,„ = sin (mi - ^tt), 

the line E.M.Fs. are given by the equations 

«i-8 = e, + e,„ =---- E„, sin(fo< + %3 = - «u - <’iii = cot, 

«3-4 == «i + e,i -- E„ sin (w< - Jir), 

%s ==-«!- e„i -^E„ sin(a>( - §7r), = e„-t e„,= E„sin(cul -n), 

sin((«< - lir). 

The vector diagram is shown in Fig. 138 (c), in which the vectors 
OE^, OEj^f OEjj^ represent the E.M.Fs. in the half-sections of the 
secondary windings, and the vectors OFj.g, . . . repre- 

sent the E.M.Fs. between the line wires. 

If the six-phase load is balanced, the currents in the secondary 
windings will be balanced, and may be represented by the vectors 
0/j. 0/jj, 0/,jj [Fig. 138 (d)] and the equations 

h = I„Mn(wt - <p) ; 

bi = /mSiii(ft)/ - §7T - (p) ; i„, = I„,8in((ot - tt - tp) 

The currents in the line wires 1, 2, 3 . . . are equal to ?,, - ini> 
Si, “ ~ *ir shown in the circuit diagram (6). 

The currents in the branches of the load are given by 

*A = h + hii == ^m[sin((ot - 9?) + sin(cot -In- 9?)] 

= I^mn(cot + in- (p) 

= - hn “ hi = ' ^ Jsin(£w/ - in - (p) + sin {cot - jtt - cp)] 

= /^sin(ft)< - 9?) 

and so on. They are represented in the vector diagram, Fig. 138 (d), 
by the vectors 0/^, 01^, . . . 

With the mesh connection the line E.M.Fs. are equal to the 
E.M.Fs. in the half-sections of the secondary windings, and by 
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interconnecting these sections in the manner shown in Fig. 139 
a phase difference of 60° is obtained between the E.M.Fs. of 
adjacent series-connected sections, as shown in the vector diagram 
of Fig 139 (c). 

For example, 

7;i . 2 = Cj = JS^„iSin cui 

^2 ■ 3 = ^iti = “ - iItt) = E^ sinioDt - Jtt) 

t’a - 4 = «ii = sin (col - §7r) 

and so on. These E.M.Fs. are represented in the vector diagram 
[Fig. 139(c)] by the vectors OFj . 2 » ^>^^3 - 4 > • •> fbe 



(a) Transformpr Connections; (fj) Circuit Dianram ahowinK Directions of Currents In 
Secondary Wiiidinpa and Load; (c) Vector DiaKrani of IS.M.Fa. ; (d) Vector Diatfrain 

of Currents 


E.M.Fs. in the secondary windings being representcid by OEj, 
OF,,, OF,,,. 

Witli a balanced system, i.e, with equal currents in each of the 
sections of the secondary winding, the current in any line wire is 
equal to the vector sum of the currents, or the reversed currents, 
as the case may bo, in the sections to which that line is connected. 
For example, if the currents in the secondary windings are 

h = sin cot, i'll = sm(cot - Jtt), sin(ct>^ - 

the line currents are given by the equations 

»1 = *1 + *11 = sin(co< - Jw), = - i, - sin(oj(-i7r) 

»3 = hi + *m= sin (cut -tt), 

U = - h - »u = ^tn 8in(tut - = t, -|- i,„= ainlcot 

i, =«= - in - »m= sin cut ; 
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and the load currents are 

r= /^[sin(a)^ - Jtt) - sin(cy/ - Itt)] = 1^ sin (oi 
ijj = - ijj =r= /^,^[8in(co« - §7r) - sin(w^ - tt)] = sin(co^ - Jtt) 

and so on. 

Fig. 139 (d) is a vector diagram of currents. The vectors 01^, 
01^^, 01^^^ represent the currents in the secondary windings, and 
are shown lagging 99 ° with respect to the corresponding E.M.F. 
vectors in the diagram (a) ; the vectors 07^, 01 • • • represent 

the line currents ; and the vectors 07^, O/^, . . . represent the 
load currents. 

Alternative Connections. When the transformer windings supply 
a balanced mesh-connected load, as for example the armatures of a 



TllANSFORMER CONNECTIONS FOB THE DIAMETRICAL AND DOUBLE- 
DELTA Methods of Scfflyincj a Six-phase Load from a Three- 
phase Transfobmek 

[Note. With the double deltii method (I’lg. 141) the lino wireH are coniiocied to the to]) 
tunninalH of the u])i)cr and lower sootions of the Hcooudary windinjZH in the order (left to riKht) 
J, 3, 5 for the uptwr wmdiiigs and ti, 2, 4 for the lower wiiidiuKs.] 

rotary converter, the connections of Figs. 138, 139, may be replaced 
by those shown in Figs. 140, 141 respectively, which possess the 
advantage, over those of the former figures, of a higher line voltage 
and a smaller cross-section of line wire for a given power in the 
two cases. 

The connection of Fig. 140 is called the “ diametrical ” connection 
and does not require double secondary windings on the transformers. 
With the load open circuited, the secondary windings are not inter- 
connected and their E.M.Fs. are equivalent to three equal single- 
phase E.M.Fs. having a mutual phase difference of 120°. But 
when the windings are connected to the load the currents in the 
phases of the latter have a mutual phase difference of 60°, and a 
60° phase difference exists between the E.M.Fs. across successive 
pairs of line wires, so that a six-phase system is produced. These 
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conditions B>ve represented in the circuit and vector diagrams of 
Fig. 142. 

If the E.M.Fs. in the secondary windings are 

c, = 2E^ sin cot, = 2E^ sinicot - f-Tr), e„, = 2E^ s[n{(ot - i^jr) 
the voltage across phase A of the (balanced) load is 
^1 ■ 2 = iK + ^iii) = cot -|- sin(ft;< - jItt)] 

-- E^ 8in(co« + irr) 
that across phase B of the load is 

^’2 ■ 3 = - i(e,i + e„i) = - A^^fsin(ct>/- Jtt) + 8in(a>/ - f^Tr)] 

= E„^ sin cot 
and so on 



Fig. 142. CiricTiiT and Vkctob Diaguams von “Diametrical” 
Method of Sui’plying a Six-phase System 


In Fig. 142 (6) the E.M.Fs. in the secondary windings are repre- 
sented by the vectors OE^, OE^^, ^^iir voltages across tlic 

load an; represented by the vectors OFj . 2 > ^^2 3 • • • 

If the currents in the secondary windings are represented by 
the equations 

*I = Im sin 0)t, ill = sm(u>l - §77), = /„ 8in(wi - 

the current in phase A of the load is given by 

‘a = *1 + hii = Im[sin ft)< + 8in{o)i-j7r)] = I„, sin(<o< + Jw) 

/ 

Similarly, the current in phase B is given by 

H = “ hi ' hii = “ -^mCsin cot - |7t) + sin(aii - Jtt)] = /^ sin cot, 
the current in phase C by 

^‘0 = h + hi = [sin cot + 8in((u< - Stt) = sin (cot - Jtt), 

and so on. 


T5— (T.5a45) 
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In Fig. 142 (c) the vectors 07,, 07„, 07, „ represent the currents 
in the secondary windings (which are shown lagging 99 ® with 
respect to the corresponding E.M.F. vectors in the diagram (a) ), 
and the vectors 07^, 07 . . . represent the load currents. 

The connection of Fig. 141 is called the “ double delta ” connection : 
it requires double secondary windings on the transformers as in the 
six-phase connections of Figs. 138, 139. This connection, so far 
as the secondary windings of the transformer are concerned, is 
equivalent to two three-phase delta connections displaced 180° in 
relation to each other, as represented in the conventional diagram 
of Fig 143. 

If the currents in secondary windings are represented by the 
equations 

h = sin (ot, ill = sin(ft>« - § 77 ), sm(a)« - ..Itt), 

the currents in the line wires are given by 

7^[sin cot - sin(co/ - jItt-) ] — sin(c(>/ - Jtt), 

H --^7^[sin(cu^ |7r)-sin(a>^- .l7T)] = v'^.7,„sin(e>H7^). 

’3 = hi-h = 7 „j[ 8 in(co^- §77)- silicon] J^mi(cot-i 7 T), 

h = hn ” h = 7^ [sin (cot - ;j 77 ) - sin cot] = ■\/3.7,„ sin (cut - J.n), 
and so on. 

The currents in the phases of the mesh-connected load are given by 

= h ~ ^2 ~ V3-^7n[sin(cut- j77)-sin(cot - ^ 77 )] 

= 8 iu(ft>t + J77), 

h* ^2 “ h = \/ 3 - 7 ,„Lsin(cot - J77) - sin (cot - 1:77)] 

= sin (cot - J 77 ), 

io - i^ = V3.7„, [sin (cot - [;77) - siri(cot - ,»] 

= v/ 3 . 7 ,,»sin(cot- J77), 

and so on. 

The vector diagrams are shown in Fig. 143. In the vector 
diagram of currents, the vectors 07,, 07„, 07, „ represent the 
currents in the secondary windings — these vectors being shown 
lagging (p° with respect to the corrcisponding E.M.F. vectors 07i7,, 
OEji, OEjji — the vectors 07j, OI 2 , . • . represent the line cur- 
rents, and the vectors 07^, 07 b, . . . represent the load currents. 

The determination of the voltage across each phase of the load 
is not so simple as the determination of the load currents, and is 
best effected by replacing the two delta-connected circuits by 
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equivalent star-connected circuits. Thus considering the delta 
circuit /fl, Ila, Illaf i'he E.M.Fs. of the secondary windings are 
represented by the vectors 0 ^,, OE^^, and by the vector 

triangle shown in full lines. The phase E.M.Fs. of the equivalent 
star-connected circuit are represented by the vectors OE^t 
OEc, which have a phase difference of 30°, lagging, with respect to 
the vectors OE^, Observe that in the upper diagram 

OE^, OE^, OEc are d^a^vn from the centre, 0 , of the triangle 
formed by the vectors E^, i?„, 

For the delta circuit /j,, the E.M.Fs. of the secondary 

windings are represented by the vectors OE^j, OE^^^ and by 
the vector triangle (shown dotted) formed by the vectors E^, 



Circuit Diagram \/ectof Disgr^ms oF EMFs. Vector Diagram ofCurrenls 

Fig. 143. Circuit and Vector Diagrams for “Dourle-delta” 
Method of Supplying a Six-phase System 

E\^\ The phase E.M.Fs. of the equivalent star-connected 

circuit are represented by the vectors OE^y OEj^, OE^ in the lower 
diagram and by the dotted vectors drawn from the comers to the 
centre, 0 , of the triangle E/, E^^\ 

Hence if the neutral points of the equivalent star circuits are 
connected together, the conditions are equivalent to Fig. 138. 
Thus the voltages across the phases of the load are equal in 
magnitude to the phase voltages of the star system, and are repre- 
sented by the vectors OFi- 2 » - 8> • • • in Fig. 143. Observe 

that Yi. 2 + F 2 - 3 = Fs - 4 + .F 4 - 6 = ^-nd so on. 

* This triangle is reversed relatively to the triangle Ej, Ej^, Enp as the 
interconnections of the two sets of secondary windings are reversed relatively 
to each other. 
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To obtain analytical expressions for the load voltages, let the 
E.M.Fs. in the secondary windings be given by 

= E^ sin en/, e„ = E^ sin(cy< - Itt), = E^ sin(ey/ - ^tt) 
Then if the E.M.Fs. of the equivalent star circuit are denoted by 
Cfl, e*. €c, we have 

= ^IP “• 

Hence, since Cj + gjj + e,j, = 0, the solution of these equations gives 

^ i(^i ^ ” ^i)» ~ i(^ni ■“ ^ii) 

The voltage across phase A of the load is then given by 

- 2 = = J(«I - ^ii) = - 8in(ft;^ - I??)] 

= sbiM -I- Jtt) 

that acjross phase is given by 

*'’2 - 3 = “ - e, -= - e,„) ■-= JZS^Jsiii ojt - sin(co^ - ;i7r)J 

1 

= E„,Hm(cot-i7T) 

and so on. 

The voltage, E^y at the terminals of any half-S(iction of the 
transformer winding for the double-delta connection is equal to 
the vector sum of the voltages across the two phases of the load 
to which that section is conne(;ted. Since tlie latter have a phase 
difference of 60®, therefore, = y/*6.Ei, where Ei is the voltage 
across each phase of the load, the voltage drop in the line wires 
being neglected. 

With the diametrical connection, however, the voltage across 
each phase of the secondary winding of the transformer is equal to 
the vector sum of the voltages acroas three phases of the load, and 
since these have a mutual phase difference of 60°, the secondary 
voltage is equal to 2^j, where Ei is the voltage across each phase 
of the load and the voltage drop in the line wires is neglected. 

But whereas the VA. -output from each delta-connected group of 
windings in the double-deltd^ coimection is one-half of the total VA. 
supplied to the load, the VA.-output from each winding in the 
diametrical connection is one-third of the total VA. supplied to the 
load. Hence the line currents will be the same for both connections. 

Measurement of Power in Six-phase Systems. Although very 
few cases occur in practice where the measurement of power in 
six-phase circuits is required, since this measurement is usually 
effected on the three-phase system from which the six-phase power 
is obtained, we shall consider briefly some methods by which 
the power in six-phase systems may be measured. 
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If th© system is bdlunced the total power may be measured by a 
single wattmeter, as in a balanced three-phase system, by inserting 
the current coil in one line wire and supplying the potential coil 
with a voltage equivalent to the phase voltage of the system. For 
example, if the neutral 
point of the system is 
available the potential 
coil is connected be- 
tween the neutral 
point and the line 
wire in which the cur- 
r(mt coil of the watt- 
meter is inserted 

If the neutral point 
is not available, a 
number of alk^rnative 
connections ar<i pos- 
sible. For example, if 
the current coil is in- 
serted in line No. 1, 
the potential coil may 

be coimected across line wires 2 and 3, since the voltage between 
these lines is eqiial to, and is in phase with, the phase voltage of 
phase I (s()e v(ictor diagram Fig. 136). 

Alternatively, a star-connc(^ted potential circuit for the watt- 
meter, similar to that shown in Fig. 128, may be employed. In the 
present case the potential branch containing the potential voi\ 



Fic. l[4. Doit HUE Two-wattmetek Methou of 
Meast^jung Poweh tm a Six-phase System 
( P oLYPKAs R Wattmeters ) 


must be connected to th(5 line wire in which the current coil of the 
wattmeter is inserted, and the other branches must be connected 
to line wires which have a phase difference of 120° from that con- 
taining the current coil. Thus, if the current coil is connected in 
line 1, the end of the potential coil must be connected to this line 
and the other ends of the star-coimected potential resistances must 


be connected to lines 3 and 6. 

In all the above cases the wattmeter measures the power in one 
phase of the system, and the total power is therefore given by six 
times the reading of the wattmeter. 

If the system is unbalanced the double two- wattmeter method, 
using two polyphase wattmeters connected as shown in Fig. 144, 
may be employed. The total power in the system is then given 
by the sum of the readings of the wattmeters. Thus, denoting 
instantaneous values of the phase voltages by 


^IV» ®V» ^VI» 
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line voltages by 

^l-2» ^2-3> ^3-4> ^4-6> ^6'0» ^0-l» 

and line currents by 

^*3> ^*4> ^6» ^0» 

the instantaneous power measured by wattmeter PWi is given by 

Pi = »>l-6 + V3-6* 

and that measured by wattmeter PW^, is given by 

P 2 = ^4%2 + ^0^0-2* 

Now ^1-5 ==61“" ^3-6 ~ ^III “ ^4‘2 ~ ^IV ®IP ^0-2 ~ ^VI ^ ^ir 

Hence, 

Pl+Pz = *>1-5 + ^ 3^6 + ^ 4%2 + ^‘0^0-2 

= Cy) ^3(^11 “^v) ^ 4 (®IV ■" ^l) ^ 6 (^VI ^11) 

= Vi + V111+ u^y + - ev(h + ^3)- e„(?4 + i e) 

But, since ii, ig, ig have a mutual phase difference of 120® 
h + ^3 = *" h 

and, since ig, 1*4, ig also have a mutual phase difference of 120° 
U + H == - H 

Therefore, 

Pi "i” Pz ~ “1” ^'2^11 4“ *'3^111 "1“ V'lv ~f~ ”i~ ^0^VI» 

which is equal to the total power in the six-phase system. 

Two-phase System 

Independent Two-phase System. The independent, or four-wire, 
two-phase system has already been considered in connection with 
the simple polyphase alternator (p. 175). This system, however, 
may be obtained from a four-phase, star-connected system by 
disconnecting the neutral point and connecting alternate phases 
in series, as shown in Fig. 145. In this manner two equal E.M.Fs., 
having a phase difference of 90®, are obtained. 

Interconnected Two-phase System. The two-phase system may 
be interconnected, so that only three line wires are necessary, 
by joining one end of each phase to a common line wire as shown 
in Fig. 146, this interconnected system being called the two-phase 
three-wire system. The common line wire is called the neutral 
wire and the other line wires are called the “ outers.” 

The vector diagram for this system is shown in Fig. 147, from 
w'hich we observe that in a balanced system the E.M.F. across the 
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“ outers ” is equal to the vector difference of the phase E.M.Fs., 
and is numerically equal to ^2 (= 1414) times the phase E.M.F. 
Moreover, the E.M.F. across the “ outers ” has a phase difference 
of 45®, leading, with respect to the E.M.F. of phase I. 

The current in the neutral wire is equal to the reversed vector 
sura of the currents in the “ outers,’* and with balanced loads the 



Fia. 145. Method of Convektino a Fouh-phase, Star-connected 
Alternator into a Two-phase Alternator 


former is equal to \/2 times the current in each “ outer.” Moreover, 
the current in the neutral has a phase difference of 135® with respect 
to the current in the “ outers,” being leading with respect to the 



Circuit and Vector Diagrams for Two-phase, Three-wire 
System 

current in one ” outer,” and lagging with respect to the current in 
the other “ outer,” as shown in Fig. 147. / 

Due to these large phase differences between the currents in the 
neutral and “ outers ” of a two-phase three-wire system the voltage 
drop in the neutral wire will have large phase differences with respect 
to the voltage drops in the “ outers,” and therefore when these 
voltage drops are compounded with the phase E.M.Fs. to obtain 
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the voltages at the load, the latter will, in general, be unequal and 
will not have a phase difference of 90°. Thus, the two-phase three- 
wire system becomes unsymmotrical when loaded, and for this 
reason the system does not possess much practical value for power 
transmission. 

Comparison ol Two-phase and Three-phase Systems. The two- 
phase system is not so advantageous as the three-phase system 
for power supply, as four line wires are necessary to maintain a 
symmetrical two-phase system, whereas only three wires are 
necessary in the case of a three-phase system. The two-pliase four- 
wire system, however, is used to some extent in this country and 
abroad for mixed lighting and power loads, the lighting load being 
single phase and the power load being two phase. 

The majority of these installations were originally single-phase 
systems supplying lighting loads, and were (‘onverted into two- 
phase systems for the purpose of enabling a power load to be 
supplied in addition to the lighting load. For modern installations, 
however, the three-phase four-wire (star-connected) system is 
employed for mixed loads, as with this system the lighting portion 
of the load is supplied at the phase voltage of the system, and the 
power portion of the load is supplied at the “ line ” voltage of the 
system, which is y'S times the phase voltage. Moreov(^r, a two- 
phase supply may b(^ obtained from such a syst(*m by means of 
transformers connected in the manner described in Chapter XTII. 



CHAPTER X 

TRANSMISSION CIRCUITS AND THEIR CONSTANTS 


In this chapter we shall determine the constants (resistance, induct- 
ance, capacitance) for simple transmission circuits and discjuss some 
factors (such as comparison of systems of transmission, equivalent 
circuits, voltage drop, etc.) concerned with such circuits. 

Resistance. For the usual sizes of conductors employed in power- 
transmission circuits, the resistance under working conditions may 
be calculated from the usual formula — B = Ipja, where R is the 
resistance in ohms ; I, a, the length and cross-section respectively, 
and p, the resistivity, all of which must be expressed in the same 
system of units. But with large solid conductors (above 1 in. in 
diameter) the resistance under working conditions will be higher 
than that calculated from this formula owing to the skin effect, 
whi(^h has already been explained (p. 48). 

The increase in resistance due to the skin effect can be calculated 
fjy the method explained in Chapter XV, but for ordinary power 
frequencies the general equation may be replaced by a simple 
approximate expression. Thus the resistance, R^, under working 
(i.e. alternating-current) conditions is given by 



where R is the resistance calculated from the formula (R --- Ipja), 
(o 27 t X frequency, and the factors a, p, denote the cross-section 
and resistivity respectively in centimetre units. For round copper 
conductors of diameter d cm., and resistivity — 1-7 X 10~® fi per 
cm. cube, equation (60) reduces to 

R^ Ji!| 1 + 0-7(/eZV1000)2 - 04(/d2/1000) | . . . (60a) 

Inductance of Single-phase Transmission Line. Tlie inductance 
of two parallel conductors forming a simple single-phase trans- 
mission line is given by 

L = (0-92 logjoD/r + 0-1) x lO-® henries 
per cm. of the line, or by 

L = 12 X 6280 X 2-64(0-92 log^^DIr + 01) X lO"® H. 

= F61(0-92 logioZ>/r + 0-1) mH (61) 

per mile of line, where r is the radius of each conductor and D is 
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the spacing of the conductors, which is assumed to be large in 
comparison with r. 

Proof. To calculate the inductance of two parallel conductors, we must 
fli’st determine the flux linked with unit length of the conductors when the 
current in the circuit is 1 A. We assume that (1) the current is distributed 
uniformly over the cross-section of each conductor; (2) the conductors are 
non -magnetic and surrounded by air. 

Thus, considering the magnetic effect due to a current of i amperes in one 
conductor, the magnetic force (or density of magnetic field in lines per cm.®) 
at a point P, Fig. 148, external to the conductor, distant x cm. from its axis is 

- - — 

® i-nx X 

or, when i — 1, 


11^ = 0-2 /a:. 


The magnetic force at a point inside the conductor, distant y cm. from its 
axis, is 

^ 2ny \r®/ 

or, when i = 1, 

H, = 0-2(,«/r*) 

where r = radius of the conductor. 

The variation of the magnetic force in the plane y)erpendicular to that 
containing the axes of the conductors is shown in Fig. 148, curve I. 



Fig. 148. Paiiall.kl. Cylindrical Conductors and their Associated 
Magnetic Fields 


The effect of the current in the other conductor is represented by the 
curve II, Fig. 148. Hence when both conductors are carrying current the 
resultant magnetic force in the space between thorn is represented by the 
sum of curves I and II, and is shown by curve III. The area between this 
curve and the abscissa axis is therefore proportional to the flux linked with 
each cm. length of the circuit when both conductors are carrying current. 
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The external flux in the space between tlie conductors is, per era. length of 
circuit and per arn^^ere, 

^ . r-O-r ().2 r "ID -r 

=-- 2 {H^ X l)dx = 2 da; = 2x0-2 I log£ arj^ 

= 0-41oge[(D-.r)/r] 

= 0-4 X 2-3 login 

when D is large in comparison with r. 

The internal flux per cm. length of each conductor, due to unit current in 
it, is, for an element dy distant y from the axis, 

dO^. = Hy{dy x 1) = 0-2(y/r*)dy 

This flux is linked with the portion Try* of the cross section of the conductor 
Whence the linkage is 

dd>^ X Tzy^lnr^ ^ 0‘2{y* Jr*)dy 

Hence the total linkage for each conductor due to the internal flux is 

f ()‘2{y*lr*)dy dy ~ 0-2/4 = O-Of* 

Jo r* Jo 

Therefore the inductance per era. of circuit is 

L == {(0-4 X 2-3 loginZ>/r) -f 2 X 0-05} X 10-» 


~ {0-92 login/) /r + 9-1} X 10"® henry. 


Inductance of Three-phase Lines. The conductors of a three- 
phase line may be arranged cither symmetrically, e.g. at the comers 
of an equilateral triangle, or parallel to one another in the same 
plane. With the symmetrical arrangement of conductors, the in- 
ductance per line, or per phase, has the same value for each line, 
and is one-half of that for a corresponding two-wire line. Thus 

L = 1-61 (0-46 logioD Ir + 0 05) mH. . . . (62) 

per conductor per mile of line, where D is the spacing of the con- 
ductors and r is the radius of each conductor. 

Proof. Let the actual three -conductor system be replaced by an equivalent 
six-conductor system, in which the three return conductors are arranged 
along the neutral axis of the original three -conductor system, «,8 indicated 
in Fig. 149. Thus the cui-rent in conductor A* is equal and opposite to that 
in conductor and so on. The sum of the currents in A*, B\ C' is zero at 
every instant, and if these conductors are assumed to have zero resistance 
and to be coincident with the neutral axis of A, B, (7, their presence will not 
affect the constants of the original circuit. 

In calculating the inductance of a phase-loop (e.g. A A') of this system, 
the effect of mutual inductance from the other phase-loops, e.g. BB' and CO\ 
must be taken into account. Thus, let L' denote the inductance of each 
phase-loop when isolated and M the mutual inductance between a pair of 
phase-loops. Then considering a symmetrical system and denoting the cur- 
rents in A, B, C by == I„ sin ojt, = /m sin(o>^ - Jw), ig = /« sin(cot - irr), 
the total linkages in the loop A A' due to these currents is equal to 

L'q - JV/ig - Mi^ — IJI m ■" Min sin(o)/ -- Jw) - MJ^ sin(£or - Jw) 

= {L' + M)7„,8ina>< = (// -f M)i^. 
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Hence the inductanco of each phase-loop when forming part of the three- 
phase system (i.e. the inductance per phase) L — L' M. 

Now L can bo expressed in terms of the inductance of a loop formed by 
any pair of the original Imo conductors, e.g. AB. Thus, if the phase-loops 
A A' ali(l BB' are connected in series and are supplied with single-phase cur- 
rent — -the currents in A' and B' flowing in opposite directions — then the 
inductanco of this double loop, when isolated, is equal to L' -f 2M L' 
= 2{L' 4- M) ~ 2L. Hut since the magnetic effect of the currents in A' and 
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Fia. 149 Fra. 1.50 

AultANUEMENT OF CoNiniCTOKS FOR CAUCnUATIONS OF In^DUCTANCE 

(Fiq. 149) AND Capacitance (B’io. 150) of Three-phase Transmission 

Lines 


B' now cancel, the inductance of the double hx/p AA'B'B will be the same 
as that of th(' loop AB when isolated and carrying single-phase current. 

Hence the inductance per phase, or per line, of a three-conductor three- 
phase system, with Hymmotrioally spaced conductors, is one-half of that of 
an isolated pair of the line conductors. 

With the semi -symmetrical, or co-planar, arrangement of con- 
ductors and a symmetrically-loaded system, the inductance of the 
middle line has the same value as that of one of the lines of a two- 
wire line — viz. L -= 1-61 (0*46 logj^/^/r + 0 05) mH. per mile — but 
that of each of the outer lines has a higher value, viz. 

L 1-61 (0-46 logio2/)/r + 0-05) 

= ~ l-61(0-46 logioD/r + 0*19) mH. per mile. 

In practice, with the semi-symmetrical arrangement of con- 
ductors and transposed lines, it is sufficient to calculate the induct- 
ance on the assumption that the lines are symmetrically spaced 
with an equivalent spacing equal to the geometric mean of the 
actual spacings. Thus the inductance per line, or per phase of the 
system, per mile of conductor, is given by 

L = l-61(0-46 logio[(^A 2 A 3 ^ 3 i)/^] + 0 05) mH. . (63) 

where ■^ 23 > ^ 3 i denote the actual spacings of the conductors 
taken in the order 1-2, 2-3, 3-1. 

Inductance of Concentric Cables. Although a concentric cable 
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produces no external magnetic field, the internal magnetic field, 
due both to the separation of the conductors as well and their 
dimensions, causes inductive eflects which may require to be taken 
into account in long cable lines. The linkages due to the magnetic 
field internal to the inner conductor, and also the linkages in di- 
electric separating the conductors, can be calculated by the same 
principles as were applied to parallel cylinders if the current is 
assumed to be uniformly distributed over the cross-section of the 
conductors. The calculation of the partial linkages due to the in- 
ternal field in the outer conductor is a little more difficult, although 
the same fundamental principles are involved. 

The inductance per mile of cable at ordinary power frequencies 
on the assumption of uniform distribution of the current is given by 

L --- 1-61[0‘46 logio(ri/r) -f 0 05 + mH. . . (64) 

where r is the radius of the inner conductor ; r^, f, the internal radius 
and thickness respectively of the outer conductor, and t is small in 
comparison with r. 

Inductance of Two-core and Three-core Cables. For unarmourod 
cables, the inductance of a two-core cable is obtained by the 
application of equation (61), and the inductance of a three-core 
(iable is obtained from equation (62). The effect of armouring is to 
increase the inductance, but as the calc\ilation of the inductance 
is now somew'hat involved, and as the values so obtained may not 
be very accurate, it is better to rely upon manufacturer’s data. 

Capacitance of Single-phase Transmission Lines. The capacitance 
of parallel cylindrical isolated conductors has already been deduced 
on p. 57. The results can be applied directly to single- phase trans- 
mission lines as normally erected, as the height of the conductors 
above earth is such that the proximity effecjt of the earth may be 
ignored. Hence the capacitance per mile of the two-conductor line 
is given approximately by 

C == 0-()195/log, o(Z)/r) fxF. , , . . , (65) 

where r is the radius of each conductor, and D is the spacing of 
the conductors (i.e. the distance between their centres), which is 
considered to be large in comparison with r. 

Capacitance of Three-phase Lines. With symmetrical spacing 
(i.e, triangular arrangement) of the conductors, the capacitance of 
each conductor with respect to the neutral axis, 0 (Fig. 150), i.e. 
the capacitance per phase (called also the star capacitance), is given 
approximately by 

C = 0*039/logio(i>/r) ^F. 


( 66 ) 
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per mile of line, where D is the distance between the centres of the 
conductors and is considered to be large in comparison with the 
radius r. 

Proof. Consider a symmetrical system. Let e = sin denote the phase 
voltage of conductor A at the instant t, = (^„,sina)^ the charge on this 
conductor, and - Jw), 8in(cc< -\n) the charges on the 

other conductors B and C at this instant. Then the work done on unit positive 
charge when it is moved from the neutral axis to conductor A is 

2(2,„[sin ct)t log*(Di/r) + sin(£t)i - Stt) logei^JD) 

+ Bin{(ot - J tt) log ^ iDJD )] 

^ 2Q„ sin cot log«(D/r), 

where Di is the distance between the neutral axis and the axis of each con- 
ductor. 

Whence the capacitance per cm. length of conductor 

= Qm = 1/ [21oge(D/r) ] electrostatic units. 


Capacitance of Cables. (1) Concentric Cable. The capacitance of 
a concentric cable has already been deduced on p. 56, and is 
given by 

C = 0-039K/logjn(r^/r) ^F. per mile . . . (67) 

where k is the dielectric constant of the dielectric, r the, radius of 
the inner core, and the internal radius of the outer core (Fig. 151). 



Ficj. 151. Cross -SECTIONS of Cables Showing Dimensions 
Required for Calculation of Catacitance 


If the cable is lead sheathed, and the sheath is earthed, the 
capacitance between the outer conductor and the sheath is 

C ™ 0*039K/logiQ(r-3/r2) fxF. per mile . . . (68) 

where rg is the external radius of the outer core and is the inner 
radius of the sheath (Fig. 151). 

(2) Single-core Cable. Assuming a homogeneous dielectric and a 
lead sheath, the capacitance per mile is given by 

C == 0-039#c/logio(^3/^) /uF. ..... (69) 

(3) Multi-core Cables, Conductors of Circular Cross-section. The 
capacitance of multi- core cables should preferably be obtained 
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from manufacturers’ data (which is based upon measurements of 
the capacitance of completed cables), as the calculation of the 
capacitance from fundamental principles is complicated by the 
close proximity of the sheath to the conductors and by the close 
spacing of the conductors themselves. 

The following empirical formula is used by cable-makers for 
calculating the approximate star capacitance of three-core paper- 
insulated cables with conductors of circular cross-section — 


C — 0*133/logio(r3/r) /xF. per mile . . . (70) 

where r is the radius of each conductor and is the inner radius of 
the sheath. 

Equivalent Star and Delta Capacitances of a Three-core Cable 
Transmission System. The equivalent circuit of the capacitances of 



Fi(3. 152 . Eqtuvalknt Capacitive Circuit of Three-phase Cable 

(a), AND THE EqUH’^ALENT DeLTA (6) AND StAH (c) CAPACITANCES 


a three-core cable is shown in Fig. 152 (a), which consists of a delta- 
star arrangement of condensers, the delta-connected condensers, 
C^, reprevsenting the capacitances between the cores themselves, 
and the star -connected condensers, (7„ representing the capacitances 
between each core and the sheath. The circuit of Fig. 152 (a) may 
be replaced either by a group of delta -connected coiid(insers, C/^ 
(Fig. 152 (b) ), or by a group of star- connected condensers, Cy 
(Fig. 152 (c) ). Thus, 

Ca =C, + iC,; + 

The capacitances of the equivalent condensers 6c> obtained 

from two capacitance tests on the cable. Thus (1) measure the 
capacitance between two cores, with the third core and sheath free ; 
(2) connect two f;ores to the earthed sheath, and measure the 
capacitance between these cores and the other core. The capac- 
itance obtained from the first test is Ci — C^ + + JC', == J(3Cc 

+ Cg), and that obtained from the second test is Cg = 2Cc + Cg, 
Whence C, - 2C, - C^ ; C, - 3^ - 4C,. 
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Charging Current of Three-core Cable Transmission System. The 

charging current (7^) is easily obtained when the equivalent star 
capacitance, (7^, is known. Thus 

7^ = w6\F/V3 = o}{Wc + QF/V3 -- a>(20i)F/V3, 

where F is the line voltage of the system. 

Observe that the equivalent capacitance ((7^-) for this calculation 
may be obtained from a single measurement of the capacitance of 
the cable, viz. test (1) above. 

Equivalent Transmission Circuits. With short overhead trans- 
mission lines capacitance effects can be ignored. Hen(?e the equiva- 
lent circuit for su(;h a line is a simple series circuit containing resist- 
ance and inductance. The general vector and load diagram for 


L. R, L, /?, L, R, L, R, H iR iR L R 



Fia. 153 . Equivalent OmcuiTS of Lonc Tkansmtsston Line 

(a) KquiviiUnit Cin-uit ; {h) A])i»r(>xiriuito KquiMilcnt C'irtiiil (T), (f) Ai»i»roxiiiial.(' 
Kquivalciit Circuit (li) 

this type of cinmit is given in Chapter VII, and a worked example 
is given on pp. 129-131. 

With long overhead lines and all cable systems, however, capaci- 
tance effects must be considered. In the actual line or cable, the 
resistance, inductance, and capacitance are uniformly distributed 
over the whole length of the line, and the closest approximation to 
the actual conditions is given by an equivalent circuit of the com- 
plex series-parallel type shown in Fig. 163 (a), w'hich, so far as the 
currents and voltages at the extreme ends of the line are concerned, 
can be simplified to the equivalent circuits shown in diagrams {b) 
and (c). Fig. 153. The latter are called the equivalent T and 11 
circuits, and the values of the equivalent impedances are deduced 
on p. 230. 

For approximate calculations, the values of the equivalent 
impedances are calculated from the lumped values of the resistance, 
inductance, and capacitance, and the equivalent circuits in which 
these quantities are used are called the nominal 11 and nominal T 
circuits. Thus in the nominal 11 circuit, one-half of the total 
capacitance is concentrated at each end of the line, and in the 
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nominal T circuit the whole of the capacitance is concentrated at 
the mid point of the line. 

Voltage Drop. The voltage drop can be easily calculated for the 
simpler equivalent circuits when the vector diagrams are drawn. 

Thus for a short overhead line, in which the effects of capacitance 
can be ignored, the vector diagram is shown in Fig. 154, in which 
01 represents the current ; OFo, the voltage at the load end of the 
line; FgaFi, the impedance voltage triangle for the line; and OF^, 



Fig. 154 . Vkctor Diagram for Short Transmission Line 

the voltage at the generating end of the line. The voltage drop — 
i.e. the arithmetic difference between the voltages at the generating 
end and the load, or receiver, end — is given by 

Fi - Fg = + IR cos q) + IK sin 

“4- (IK cos q- IR sin tp)^] - Fg . . (71) 

If is leading instead of lagging, 

Vi - Fg = cos q) - IX sin q))^ 

+ {IX cos q + JR sin q)'^] - . (72) 

where F^, Fg are the voltages at the generator and load ends of 
the line respeidively, 1 the current, and q the phase differeiK^e 
between the load voltage and the current. 

For cable transmission, in cases where the inductance can be 
ignored, the voltage drop is given by equation (72) when the load 
power factor is lagging, and by equation (71) when the load power 
factor is leading. 

For a long overhead line, or any line in which the effects of capaci- 
tance must be considered, the vector diagrams for the nominal 11 
and T equivalent circuits are shown in Figs. 155, 156, from which 
the voltage drop can be readily calculated. 

In flrawing tlie vector diagram (Fig. 155) for a nominal 11 line, 
the charging current, 0 /c 2 » at the load end of the line is combined 
vectorially with the load current, 01, to obtain the line current, 
Olj,. The impedance voltage triangle, FgaFj, is then drawn with 
reference to this current (01 j), and the voltage (OVi) at the gen- 
erating end of the line is determined. The current, OIq, at this end 

1 6 — IT- 5 245; 
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of the line is the vector sura of the line current and the charging 
current, 01^, at the generating end of the line. 

In drawing the vector diagram (Fig. 156) for a nominal T line, 
the impedance voltage triangle, for the load-end half of the 

line is compounded with the load voltage, OFg, to obtain the volt- 
age, OFm, at the mid point of the line. The charging current, 01 
is then calculated and is compounded with the load current to 
obtain the line current, 01 q, in the generating-end half of the line. 
The impedance voltage triangle, V^bViy for this portion of the line 



Vector Diagrams for 11 and T Equivalent Circuits of Long 
Transmission Lines 

is then compounded with the mid-point voltage to obtain the 
voltage, OV^y at the generating end. 

Example. A three-phase line, 50 miles long, has a resistance of 22 il. per 
line, an inductance of OoinH. per line, and a star capacitance of 0*75 /xF. 
Calculate the voltage at the generating end to supply a load of 10,000 kVA. 
at 1.32,000 V., 0*9 power factor (lagging), 50 cycles. 

Approximate Solution for a Nominal T Equivalent Circuit — 

Line current at load 

= 10,000/(V3 X 132) = 43-7 A. 

Actual voltage drop duo to resistance of load-end half of lino 
= 43-7 X i X 22 = 480 V. 

Actual voltage drop duo to inductance of load-end half of lino 
--- 43-7 X i X 0-095 X 314 652 V. 

Voltage at mid-point of line 

-- v/3v'{[(132,000/v'^l) + 480 x 0-9 + ^•'>2 X 0-435j2 
+ (652 X 0-9 - 480 X 0-435)*} 

= \/3v'[(76,100 -f- 432 f 284)* + (587-209)*] = 133,245 V. 

(This calculation sliows that the angle between the vectors OV^ and OFjj, 
Fig. 156, is so small that it need not be taken further into account.) 

Hence, charging cui-rent 

= 314 X 0-75 X 133,245/(V3 X 10«) - 18-1 A. 

Line current at generator end of line 

t=* ^[(0*436 X 43-7 - 18-1)* + (0-9 x 43-7)*] =• 39-3 A. 

Phase difference between and 01 q is approximately zero. 

Voltage at generator 

133,245 -f v/3 X 480 x 39-3/43-7 = 133,995 V. 
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Weight of Line Conductors for Single-phase and Polyphase Trans- 
mission Systems. In comparing the weight of copper required for 
the line conductors of single-phase and polyphase systems, it is 
essential to base the comparison upon similar conditions in each 
case. Thus the total power, the power factor, and the distance 
over which the power is transmitted must obviously be the same 
for the several cases under consideration. Other conditions which 
must be co-related are : the efficiency of the transmission, the 
percentage drop in voltage, the current density in the line wires, 
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Fig. 157 . Clrcuit Diagrams of Polyphase and Single-phase 
Transmission Systems with Earthed Neutral Point 


the voltage between the line wires, and the voltage between each 
line wire and earth. Some of these conditions are independent of 
one another, while others are inter-dependent. For example, in 
systems in which the neutral point is earthed the voltage between 
line wires dejicnds upon the number of phases and the phase 
voltage. Hence, if the voltage between any lino wire and earth 
(i.e. the phase voltage of the system) is fixed, the voltage between 
the line wires of a given system will depend upon the number of 
phases in that sysU^m. 

Again, if the reactance of the line is neglected the percentage 
dro]) in voltage in the transmission system is equal to the PR loss 
in the line wires expressed as a percentage of the total power 
transmitted, and since the efficiency of transmission is given by 
[1 - (power expended in lino wires/total power transmitted)], the 
percentage drop in voltage and the efficiency of transmission are 
inter-dependent . 

Cdse I. Star-connected Systems urith Earthed Neutral Point 

(Fig. 157). 

Let n = number of phases, P = total power supplied to the 
transmission lines, E = phase voltage, cos q> = power factor. Then, 
assuming sinusoidal HM.Fs., the voltage between adjacent line 
wires, taken in order, is equal to 2E rninln. Also with balanced 
loads the power transmitted by each phase is equal to Pin, and 
the current in each wire is equal to P I (nE cos <p). Hence the PR 
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loss in each line is given by Rj,(PjnE cos 9?)®, where Rj, is the resis- 
tance of each line. If the efficiency is to be the same for each case 
the loss in the line wires must bear a fixed ratio to the power 
transmitted, and therefore 


Rp(PlnE cos 99)2 


= 1 - ly = a constant, 


where rj is the efficiency of transmission. 

Now Rj, == plja, where p is the specific resistance of the material 
of the conductors and /, a, are the length and cross section, 
respectively, of each. Hence 


^ cos^ 99 * na 

i.e. the product rwz is a constant. But 71 a is proportional to the 
total weight of the line conductors. 

Thus the amount of copper required for the line wires for the 
transmission of a given power under similar conditions is the same 
for all star-connected polyphase systems with earthed neutral 
point. Since, however, the three-phase system gives the lowest 
overall cost when insulators, poles, towers, labour, etc., arc con- 
sidered, this system is always employed in })ractice in preference 
to other polyphase systems. 

Comparison with Single-phase System. To obtain a com- 
parison with the single-phase system under similar conditions, we 
shall consider the case in which one terminal of the generator is 
earthed (Fig. 157 {b) ). The line current = PjE cos 9?, and the PR 
loss in line wires -- 2Rg(PIE cos 99)^, where R^ is the resistance of 
each line. 

Hence for the same efficiency of transmission as in the polyphase 
systems we must have 

2R,(PIE cos 9 p)2 R^(PjnE cos 
P “ ¥[n 

Whence 2R^- = RJn, 

i.e. a, = 2nap, 

where a^, are the cross-sections of the line conduc.tors for the 
single and polyphase systems respectively. 

Hence 


Weight of lino conductors for single-phase system 
Weight of line conductors for polyphase system 
__ 2a, 2 X 2naj, ^ 

wa« ”” na„ ’ 
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i.e. the weight of the line conductors for a single-phase system with 
one terminal earthed is four times that for a star-connected poly- 
phase system with earthed neutral point. 

The current density in the conductors of the single-phase system, 
however, is only one-half of that in the conductors of the polyphase 
system. 

For the special, and unusual, case in which the mid-point of the 
generator winding is earthed (Fig. 157 (c) ), the weight of the line 
conductors is the same as that for a polyphase system. 

Case II. Ncm-earthed Systems (Fig. 158). The comparison will 


T 

V 

1 

(OU) 0>) 

Fkj. I. ’>8. CniCUlT J)lA(mAMS of PoLYPnASE AND SlNODE-PIlASK 
Tuansmjssion Systems with Insulated Neutral Point 




be based upon equal line voltages in all cases, the other governing 
conditions being the same as before. 

(Vmsidering star-connected systems for conveniences, let V — line 
voltage. Then the phase voltage, of an n-phase system is ('qual 
to F/2 sin 7r//i, and the lino current is equal to 
FjiiE cos (p = (2P sin 7r/?i)/(?iF cos (p). 

If Hj,' is the resistance of one line, the 1-R loss in oacih line is given 
by Rj,'l{2P m\ 7Tln)l(nV cos<^)p. Hence for the same efficiency of 
transmission as before we must have 


i.e. 


or 


Rj,' [ (2 sin 7rl7i)l{nV cos (p ) f 

__ , 


a constant, 


4sin-7T/n, 
na„ 


V-coH‘ 
Ppl 


= c. 


whence 
where a« 


cos- (p 

na^' i=4sin-7r/n X a constant, 

— cross-section of each line conductor. 


Now na'j, is proportional to the total weight of the line conductors 
Hence in this case the weight of the line conductors varies with the 
number of phases, becoming smaller as the number of phases 
is increased. 
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The decrease in weight of the line conductors due to the increase 
in the number of phases results in an increase in the current density. 

Comparison with Single-phase System. In the single-phase 
system, the line current is given by P/F cos (p, and if the resistance 
of each line is R/' the total line PR loss is (P/V cos 9 ?)^. 
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Fig. 159 Fio. 160 

Circuit Diagrams for Nomintal T axd Nominal O Transmission 

Lines 


Hence for the same efficiency of transmission as in the polyphase 
systems, we must have 

2R\(PIVcm(p f _ , sin 2 tt/ti P 

^ ” n ‘ F'-^cos’-^^? 

Whence R/ = (2Rp tt I n) jn 

and 2 a/ = na^,^ Isin^ itJu 

Weight of line conductors for single-j)hast* system 1 
Weight of line conductors for polyphase system sin- ir/n 

Tlierefore for non-earthed systems and equal voltages of trans- 
mission the weight of the line conductors for the single -phase 
system is 1*33 times that of the line conductors for the threii-phase 
system. 

The Constants of a Long Transmission Line Having Distributed Resistance, 
Inductance, and Capacitance. Consider a single-phase, or two-wire, line, and 
let li, L, C denote the resistance, inductance, and capacitance per mile of 
line. Then for an element, dx, of the line, the incremental values of the series 
and shunt impedances will be (ii -f ja)L)dx and -jwCdx respectively. 

Hence, if distances are taken in the direction from the generator to the 
load, and if the current in the element is /, the voltage drop or decrease of 
voltage across the element will be given by dF = J(i2 -f jmL)dx. Similarly, 
if Y is the voltage at the generator end of the element, the decrease of lino 
current will be given by d/ = - Y{^C)dx, In both cases the assumption is 
made that / and Y constant over the infinitesimal length da;. 

dYtdx = -/(i? jcoL) 

dfldx = - F(jmC) 


Whence 


.oadend 
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By differentiation and snbstitution, we obtain 
d^Yldx^ == Yj(oC{R + jwL) 
d^JIdx^ «= IJcoC{R + JcoL), 
the solutions of which are 

K — 4i cosh px + 4*8inh px . . . . . . (73) 

/ = - iAil^o) cosh px - 4JZo sinh Px .... (74) 

whore Ay are constants of integration, tlie values of which depend upon 
the terminal conditions of the line, p{ = \/[ja}C{R + jo)L)]) is called the pro- 
pagation constant of the line, and = \/[{R + jo)L)(jcoC]) is called the 
characteristic impedance (or surge impedance) of the line. [Note. When R 
can be neglected == 

At the generator end of the line we have a; = 0, Y = Fi* I = Ix> whence 
Ai — Fi 0*^^ Ai ^ ~ 

Substituting these values in equations (73), (74), we have 

Ym = Fi cosh Px - IiZq sinh Px . . . . (76) 

/» = Ji cosh px - YilAo ' * • • (76) 

where Ym /« ^'re the voltage and current respectively at a distance x 
miles from the generating end of the line. 

Hence the voltage and current at the load end of a line, of length Z miles, are 

Y^ = Fi cosh pi - I^Zq sinh pi (77) 

/a cosh pi - (Fi/^o) pi (7B) 

If the load voltage (J^g) current (ij) are known and distances, x', are 
measured from the load end of the lino, then 

Ym' — F 2 cosh /Jx' + sinh /?jc' ..... (79) 

Im' — /j cosh pm' ..... (80) 

Constants of Equivalent T and II Lines. From the circuit diagram of 
Fig. 169, we have 

Fi = hZi + (A F, = (A - A)^?.'- A?.'. 

from which we obtain 

/a = l,{l 4 ^//Za^) - YxlW^ 

For this expression to be identical with (78), wo must have 

(1 4- ^x' 1 ^ 2 ) = cosh pi and (l/Z*') = (l/Z^) sinh pi. 

Whenco Z^ = Zq sinh ^pl and Zg' = ZJ^nxlx pi . . . . (81) 

From tho circuit diagram of the equivalent H circuit (Fig. ICO), wo have 

!', = (A - 7)^2" ; F. = (7 - ; 7^." = (7i - - (7 - A)?." 

Whence i, = A(1 + - F 2 (?i" + 22.")/^."“ 

For this expression to be identical with (78), we must have 

2," ■--= sinh pi; X," = + cosh ^i)/ainh pi = coth i pi . (82) 



CHAPTER XI 

ALTERNATORS -SINGLE-PHASE AND POLYPHASE 

Practical Forms of Alternators. The elementary method of gener- 
ating alternating E.M.Fs. by rotating a conductor, or a system of 
conductors, in a stationary magnetic field is, in practice, only 
employed for alternators of very small output, because of the 
difficulties involved in the design and construction of the windings, 
and the collection of current by sliding contacts, in large machines. 
These difiiculties are avoided when the alternative method — with 
stationary conductors and a rotating magnetic field — is employed. 
All alternators for outputs above about 10 kW. are now, therefore, 
built with stationary armature conductors and rotating field magnets. 

The stationary armature conductors are located in slots in the 
inner periphery of a ring of alloyed-steel laminations built into a 
frame of either cast iron or welded steel plate, the whole arrange- 
ment being called the siaUxr. 

The revolving field magnets, known as the rotor^ may be built 
either in the form of salient poles, each with its exciting coil, fitted 
to a central hub on a shaft, or in the form of a cylinder of forged 
steel, with slots in the outer periphery for the excitation winding. 
The latter form of construction is employed in machines of large 
output, which are direct-coupled to steam turbines. With both 
forms, the exciting current is supplied to the winding by means of 
slip-rings and brushes, but as only relatively small currents at low 
voltage are required, these sliding contacts present no difficulties. 

Number of Poles, Speed, and Frequency. In an alternator with 
two poles, one cycle of E.M.F, is produced at each revolution, and 
therefore tlie frequency is equal to the number of revolutions per 
second. If the number of poles is doubled, the frequency will be 
equal to twice the number of revolutions per second. Hence, in 
general, if ^ = number of poles, / = frequency, n = revolutions 
per second, then / = or n = 

For the standard frequency of 50 cycles per second, the operat- 
ing speeds, in revolutions per minute, corresponding to different 
numbers of poles are as follows — 


umber of poles . 

2 4 6 

8 

10 

12 

14 

16 

18 

20 

22 

24 

Speed, r.p.m. 

3000 1500 1000 

760 

600 

500 

428 

376 

333 

300 

272-7 

250 


232 
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Conductor E*M.F. The E.M.F. generated in a single conductor 
when cut by a magnetic field is, at any instant, given by e = Blv 
X 10~® volts, where B is the flux density in which the conductor 
is situated at the instant under consideration ; Ij the active length 
of the conductor, and Vy the speed of the magnetic field relative 
to the conductor. 

Now, in an alternator working under normal conditions, I and v 
are constant, so that e cc B. Hence the instantaneous value of the 
E.M.F. is directly proportional to the actual value of the flux 
density sweeping past the conductor at that instant. Since one 
cycle of E.M.F. corresponds to the movement of two magnetic 
poles (i.e. two-pole pitches) past the conductor, the wave-form of 
the E.M.F. will be similar to that of the space distribution of 
the flux. 

For example, a flat-topped flux distribution curve due to a uni- 
form air gap will result in a flat-topped conductor-E.M.F., and a 
sine-wave flux distribution over the pole pitch will result in a 
sine- wave E.M.F. 

With salient poles, therefore, the j)ole shoes should be shaped or 
(ihamfered so as to give an air gap which is a minimum at the 
centre of the })ole fa(‘e. With a cylindrical rotor, an ay)proximation 
to a sine-wave flux distribution is obtained with a uniform air gap 
by distributing the turns of the exciting winding over the pole 
pitch which is slotted for this purpose. 

Coil E.M.F. Since alternator windings are always of the drum 
type, the two coil-sides of a full-pitch coil will always be situated 
in flux densities of the same magnitude, but of opposite sign, beciause 
of the symmetrical construction of the field magnets. The instan- 
taneous E.M.Fs. in the coil-sides will, therefore, be equal in mag- 
nitude; and since these E.M.Fs. act in the same direction round 
the coil, the coil-E.M.F. will be equal to twice the conductor-E.M.F., 
and the wave-form of the coil-E.M.F. will be the same as that of 
the conductor-E.M.F. 

B.M.S. Value of Coil-E.M.F. for Full-pitch Coil. Let the coil 
consist of one turn of full pitch, and let d) denote the flux per pole ; 
Py the number of poles ; n, the revolutions per second ; /, the fre- 
quency. Then during one revolution, each conductor will bo cut 
by a flux p(p. Hence the mean value of the E.M.F. in the coil will 
be given by 

Ea == 2p<!>n X 10-** 

== 40/ X 10-8 
since pn = 2/. 
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If E denotes the R.M.S. value of this E.M.F., and Kf denotes 
the form factor (i.e. Kf = EjEn ~ R.M.S. value/mean value), then 

E = 4 ^, 0 / X 10~8 ( 83 ) 

For a sine wave Kf = (l/\/2)/(2/7r) = 77 / 2\/2 == 1 - 1 1 , so that when 
the flux distribution is sinusoidal, 

E = 4 * 440 / X 10 "® 

Effect of Coil Pitch. With a fractional-pitch coil, for wliioh the 
pitch = 6 electrical degrees, the E.M.Fs. in the two coil-sides, or 
conductors, will have the same wave-form, but will not have equal 



Fifj. 161. Wave-fokms of Conductob-E.M.Fs. { A , B ) and Coiii-E.M.F. 

4 { C ) FOR Fractional-pitch Coil of Alternator 

numerical values at the same instant. These E.M.Fs. may, there- 
fore, be represented by two similar wave-forms disj)laced from each 
other by the angle {tt - 0). The coil-E.M.F. will, therefore, be given 
by the sum of these wave-forms, as shown in Fig. 161. 

If the conductor-E.M.Fs. are sine waves, the coil-E.M.F. will be 
of sine wave-form, but its maximum value will be less than twice 
that of each of the conductor-E.M.Fs. If, however, the conductor- 
E.M.Fs. are not sine waves', the wave-form of the coil-E.M.F. will 
differ from that of the former, and will approximate closer to a 
sine wave when the difference between the pole pitch and the coil 
pitch is small. 

In the special case when the conductor-E.M.F. consists of a 
fundamental and a harmonic of the nth order, the coil-E.M.F. will 
be a sine wave if the coil pitch = tt - tt/ti ■-= 7r(n - l)/n, i.e. the coil 
pitch is Tr/n less than the full pitch. For example, if the third 
harmonic is present in the conductor-E.M.F., the coil-E.M.F. will 
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be sinusoidal when the coil pitch is Itt or 120°. Similarly, if the 
fifth harmonic is present in the conductor-E.M.F., the coil-E.M.F. 
will be sinusoidal when the coil pitch is or 144°. A little investi- 
gation into these cases will show that the harmonic components of 
the E.M.Fs. in the two coil-sides 'have a phase difference of 180° 
and, therefore, cancel out in the coiJ-E.M.F. 

Effect of Spread of Coil Side. Consider two full-pitch coils, each 
of one turn, with the coil-sides spaced a° apart. If these coils are 
connected in series, the E.M.F. in the double coil will be repre- 
sented by the sum of the wave-forms of the E.M.Fs. in the indi- 
vidual turns, i.e. by the sum of two similar wave-forms displaced 



Fig. 1G2. Oscillograms of No-load E.M.F. of Three-phase 
Altfjinator, Showing Effect on Wave-form of Winding 
Distuuujtion and Inter-connection (Stab) of Phases 

Tlip lUiicJilnp has four i)ole8, and the stator winding is of the haJf-coiJrd type, with 
throe coils per pair of poles per phase 

For the purpose of obtaining the oscillograms of the ooil-E.M.Fs., the ends of the 
individual oolls of a coil-group of one phase were brought out to separate terminals, 
so that wave-forms could be obtained of the K.JVT.F. of (a) one coil, (6) two colls in 
series, (c) three coils in series 

Tlie osflJlograin of tlie phase voltage was obtained from another phase* of the 
winding with the full number of coils in eireuit 

«° from each other. The conditions are, therefore, similar to those 
obtaining in a fractional-pitch coil having a pitch (tt - a). 

Similarly, if three one-tuni coils, with the coil sides displaced 
uniformly from one another, are connected in series, the E.M.F. in 
the triple coil will be represented by the sum of three similar wave- 
forms displaced uniformly from one another. 

If the angle of displacement is small and the conductor-E.M.F. 
is non-sinusoidal, the resulting w^ave-form will more nearly approx- 
imate to a sine wave than that of the E.M.F. in the individual 
turns. This is illustrated in Fig. 162 by the reproductions from 
actual oscillograms of the coil-E.M.Fs. of an alternator. 

Winding Distribution Factor. If, in the preceding case, the 
E.M.Fs. in the individual turns are sinusoidal, the E.M.F. of the 
coil-group can easily be calculated, since the R.M.S. values of the 
former may be added vectorially. Thus, for the case of a two- coil 
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group, the vector diagram for which is shown in Fig. 163, if the 
E.M.F. in each turn or coil is denoted by Ec and that in the coil- 
group by Ey then E ~~ 2E^ cos |a. 

Now 2E^j is the arithmetic sum of the coil E.M.Fs. Hence the 
ratio EI2Ec (i.e. vector sum of E.M.Fs./arithmetic sum of E.M.Fs.) 

£c E. 


Ftg. 163. SrAOK Diagram (r/) for Two FiTLL-prrcir Coils, and 
Vector Diacjiiam { b ) of E.M.Fs. 

= cos I a, which is called the winding distribution factor or breadth 
coefficlcnty and is denoted by 

For a three-coil group, -- J(1 -1 2 cos a), and for a four-coil 
group, A'j, |(cos cos ;;a), where a is the angle between 

0 


A 

(«) (i) 

Fig. 164. Space Diagram (a) of Distributed Winding, and 
Vector Diagram (b) of E.M.Fs. 

adjacent turns or coil-sidovS of the individual coils. These values 
can readily be checked by drawing the vector diagrams. 

If a vector polygon and its circumscribing arc are drawn, as in 
Fig. 164, for a group of q coils (q — number of slots per pole per 
phase), each side of the polygon can be expressed in terms of the 
radius, r, of this arc. Thus Eg = 2r sin \a. The chord, which re- 
presents the coil-group E.M.F. , Ey is given by E = 2r sin \qa. 
Whence, 

= EjqE^ = sin iga/g sin Ja . . . (841 
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In the special case when the conductors of a coil-group side are 
packed closely together so as to be uniformly distributed over an 
angle p (which is called the phase spread, or, shortly, the spread, of 
the winding), the vector polygon for the individual E.M.Fs. can be 
considered to be a sector of a circle subtending an angle Hence, 
for this case, 

itj = chord/arc = sin .... (85) 

Analsrtical Deduction of Winding Distribution Factor. Since the E.M.Fs. in 

the individual coils are equal in magnitude but hav’^e a mutual phase dilfer- 
ence of a, they can bo expressed in terms of the E.M.F. in coil No. J, which 
may be considered as a reference quantity. Thus ; 

iE?,3 = . . . 

Hence the coil-group E.M.F. is 

E = E^^ 4* Ec2 -b Ecb 4" . . . ~ "b ”b .p . . . ) 

= E^ieka - ])({ek - 1) 

~ - 1 ) 4 - i Kin gra]/[(cos a - 1 ) -b ^ sin a]. 

Whence E -- Eg\/{[{cos qa - 1)“* 4“ sin®ga]/[(coH a - 1)^ 4" sni^aj} 

= Ec(sin lq(i)lHin \a 

and Kb = EjqEc — siu iqa(q sin . . . 

In the special case of a uniformly -distributed winding with a spread of /i, 
</ apjiroaches zero, and the value of cannot be evaluated from tjiis expres- 
sion. Since, in this case, /? = ga, the denominator (q sin ja) can be written 
in the form fi sin ia/a; and if both numerator and denominator are differ- 
entiated with respect to a, we can dotorimne the values in the limit when 
a -- 0 . 

Thus d{P sill ia)l(Ja — ip cos ^a, and da/cZa = 1. 

Heiico in the limit when a — 0, ft sm iaja = ip. 

Therefore, for a uniformly -distributed winding, 

Kb = sin ip HP 

Coil Pitch Factor and Winding Distribution Factor for Non-sinusoidal E.M.Fb. 

In Chapter XIV it is shown that a non -sinusoidal E.M.F. can be ropresented 
by a senes of sine-w avo E.M.Fs. having frequencies 1 , 3, />, 7, . . . times the 
frequency of the non-sinusoidal lil.M.F. (winch is called the fundamental 
frequency). The tnplo-frequoncy component is called the third harmonic; 
the (juirituple-frequency component is calleti the fifth harmonic; and so on. 

With the usual (symmetrical) construction of the field magnets, only odd 
harmonics can occur in the wave-form of the flux distribution when this is 
not a sine wave, and, therefore, in this case the wave-form of the conductor- 
K.M.F. may bo reprcsoiiteil by c = A’i„, 8 jii a)t -h E^„^ sm Ikot 4 - E^„ sin 6wt 
4 - . . . Hence a time-angle, tot, taken with reference to the fundamental 
becomes not when taken with reference to the nth harmonic. Therefore a 
lioil having a pitch of two-thirds of the polo pitch, or 120 ^, is, so far as the 
third harmonic of the flux wave-form is concerned, equivalent to a coil having 
a pitch of 3 X 120 — 360° ; and so far os the fifth harmonic of the flux wave- 
form is concerned, this coil is equivalent to one having a pitch of 5 x 120 
= 600°. 

Thus the coil pitch factor for any particular harmonic — e.g. the nth — is 
given by 

Kpn = sin niO 

whore 0 is the pitch of the coil. 

Similarly, the winding distribution factor for the rith harmonic is given by 
Kbn ~ sin inqtxlq sin 
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Winding Distribution Factors for Three-phase and Single-phase 
Machines. In a uniformly distributed winding for a three-phase 
alternator, the maximum value of /3 is 60°, and for a single-phase 
alternator the maximum value of is 180°. The corresponding 
values of Ki, are 0*955 ( = sin 30°/^7r = S/tt) and 0*637 ( = 2 / 77 ) 
respectively. These values show that if the whole of the stator 
periphery is utilized in the two cases, the utilization factor will be 
much lower for the single-phase alternator than for the three-phase 
machine. 

Values of the winding distribution factor for three-phase and 
single-phase machines for sinusoidal E.M.Fs. and different numbers 
of slots per pole are as follows — 


NumbRr of slots per polo . 

1 

0 

3 

4 

6 

9 

12 

15 

18 

OC 

{ 2 . 

No. of slots per polo 
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trical degrees (a) 
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Winding distribution 












factor (X 5 ) . 

1-0 

0-985 

0-96 

0 025 

0-832 

0 64 



0-637 

0-827 


• 180* spread. t 120® spread. 

Relative Outputs of Uniformly-distributed Three-phase and Single- 
phase Windings. Consider a given stator wound (1) as a single - 
phase alternator, (2) as a three-phase alternator, the flux per pole, 
the frequency, and the total number of conductors, z, being the 
same in each case. Then the E.M.F. of the single-phase machine 
will be proportional to or to \z x 0*637, and the phase 

E.M.F. of the three-phase machine will be proportional to 
or to J X |z X 0*955. If the permissible current per conductor is 
/ in each case, the VA. output in the single-phase case will be pro- 
portional to ^z7 X 0*637, arid that in the three-phase case will be 
proportional to 3 X J X \zl X 0*955. Whence the outputs are in 
the ratio of 0*637 to 0*955 or 1*0 to 1*5, i.e. the output as a three- 
phase machine is 1*5 times that as a single-phase machine. In 
practice, owing to armature reaction and other effects, the ratio of 
outputs will be greater than this value. 

General E.M.F. Equation. Let O denote the flux per pole ; /, the 
frequency; N, the number of turns in series per phase ( = J 
X number of conductors in series per phase) ; iT^, the form factor ; 



ALTERNATORS: SINGLE- AND POLYPHASE 239 


the coil-piteh factor ( = sin where 0 is the coil pitch) ; 
the winding distribution factor ( = sin iqa/q sin Ja). 

Then the R.M.S. value of the E.M.F. per phase is given by 

E = 4K^Kj,K^^Nf X lO-* (86) 

Example. The stator of a three-phase, 60-cycle, 16-pole alternator has 96 
slots, and each slot contains 12 conductors, connected in series. If the flux 
per polo is 5 mogaliiies and is sinusoidally distributed, calculate the no-load 
E.M.F. if the phases are star-connected and the coils are of full pitch. 

The total number of conductors = 96 x 12 — 1152, 
and the number of turns per phase *= J X i X 1162 = 192. 

The number of slots per pole == 96/16 = 6. 

Hence each coil-group consists of two 12-turn coils, and the angle between 
adjacent coil-sides is tt or 30®. Whence 
= cos i X 30® = 0-966. 

Therefore the E.M.F. per phase 

4 X M X 1 0 X 0-966 X 6 X 10« X 192 x 50 x 10'» 

= 2060 V. 

and the terminal voltage = ^3 X 2060 = 3570 V. 

Effect of the Stator Slots and Teeth on the Wave-form of the 
E.M.F. In a sahent-pole alternator with the poles shaped so as to 
give a sine- wave flux distribution with a smooth (i.e. unslotted) 
stator core, the E.M.F. generated in the conductors will be a shie 
wave. But if the conductors are located in slots, the E.M.F. wave- 
form will now show ripples and may be somewhat similar to that 
shown in Fig. 201 (p. 298). 

The cause of these ripples is easily explained by considering the 
physical conditions under which the E.M.Fs. are produced. Thus 
with a slotted core the flux tends to concentrate in the teeth, and 
when the pole moves relatively to a slot, the lines carried by one 
tooth swing across the slot to the adjacent tooth, and cut the con- 
ductors in the slot at relatively high speed compared with the 
movement of the pole and flux as a whole. This “flux swinging,” 
therefore, will produce E.M.Fs. in the conductors, but these E.M.Fs. 
will be of relatively low amplitude and high frequency compared 
with the E.M.F. produced by the main flux. Hence the former will 
be superimposed upon the latter in the form of ripples in the wave- 
form. 

With machines having nearly closed slots and a relatively large 
number of slots per pole, the ripples will usually be small and may 
not be objectionable in practice. But in machines having open 
slots or relatively wide slot-openings, the ripples may be practically 
suppressed by skewing either the slots or the pole faces by an 
amount equal to the slot pitch. Alternatively, the stator may be 
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built with an odd number of slots per phase. With such an arrange- 
ment of slots and a suitable winding, the equivalent of a uniformly- 
distributed winding is obtained in so far as E.M.F. harmonics are 
concerned, and the ripple effects practically cancel out. 

Stator Windings. Although closed-circuit lap and wave windings, 
such as are employed in direct- current machines, are applicable 
also to A.C. machines, they are not, however, employed for the 




Fi(3. 165 . Diagrams Sik/wino (xRoiji>ing ojt Coils in Half-coilki) 
(Left) and Whole-coiled (Rkjht) Windings for Four-role, 
Single-phase Alternator 

stator windings of alternators, which arc invariably of the open- 
circuit type. 

The conductors are located in slots, and although, for single- 
phase machines, windings with one or two slots per pole are pos- 
sible — and, in fact, were employed in early singlc-})hase alternators 
— such windings would not be permissible in modern machines, 
because of the large ripples which w^oiild occur in the wave-form of 
the E.M.F. due to flux swinging and pulsation. In modern three- 
phase alternators, the number of slots per pole varies from 6 to 36 
according to the design, the smaller number being employed in 
medium-size machines having a relatively large number of poles, 
and the larger number for large turbo -alternators having two poles. 

The coils formed by the conductors occupying a group of slots 
corresponding to one phase and one pair of poles may be arranged 
either in a single group or in two groups, as indicated diagram- 
matically in Fig. 165, which refers to single-phase windings. The 



ALTERNATORS: SINGLE- AND POLYPHASE 241 


former arrangement is called Juilf-coiled^ or hemitropic, and the 
latter arrangement is called whole-coiled, 

A whole-coiled winding possesses the advantages, over the corre- 
sponding half-coiled windings, of shorter end-connections and a 
lower leakage reactance; but three tiers or ranges are necessary 
for the end connections of a single-layer, three-phase winding with 
concentric or hairpin coils, whereas only two tiers are necessary 
for a half-coiled winding. This disadvantage, however, does not 
exist in double-layer windings. 

In practice, whole-coiled three-phase v/indings (single-layer and 
double-layer types) are used principally for large turbo-alternators, 
as such windings are more suitable for these machines than half- 
coiled windings on account of the large number of slots per pole. 
For the ordinary type of salient-pole three-phase alternator, how- 
ever, the winding is usually of the half-coiled type, a single-layer 
winding being employed for hand-wound and hairpin coils in semi- 
closed slots, and a double-layer or barrel winding for former-wound 
bar- conductor coils with diamond-shaped end connections. 

Method of Connecting-up. In connecting-up the coil -groups of 
half-coiled and whole-coiled windings, it is important to remember 
that the connections must be such that a current passing from 
terminal to terminal of a given phase circulates in the same direc- 
tion around every coil of a half-coiled winding (i.e. the coils would 
produce consequent poles if excited with direct current), and in 
alternate directions around the coils of a whole-coiled winding. 

The method of connecting-up three-phase windings, half-coiled 
and whole-coiled, is shown in the development diagrams of Fig. Ibb. 
No difficulty will be experienced in working out the connections for 
a three-phase winding if it is remembered that the terminal con- 
nections must be taken from coil ends of the same polarity or sense 
which are two-thirds of a pole-pitch (i.e. 120*^) apart relative to 
one another. 

Voltage Drop in Stator Winding. When an alternator is loaded, 
the voltage drop in the stator winding is due to the effects of — 

(1) resistance of the stator winding, 

(2) inductance or leakage reactance of the stator winding, 

(3) armature reaction. 

f 

The internal E.M.Fs. due to the effects of resistance and induct- 
ance (or leakage reactance) of the stator winding can be calculated 
when these quantities are known or have been determined.* 

♦ For the method of calculating the inductance and leakage reactance of 
stator windings, consult Papers on the Design of Alternating Current Mcbchinery 
by Hawkins, Smith, and Neville. (Pitman.) 

17— (T. 5245 ) 
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If no armature reaction were present, the terminal E.M.F. could 
easily be determined from the vector diagram of internal E.M.Fs. 
(Fig. 167), which is similar to that for a transformer. In this dia- 
gram, OE represents the E.M.F. generated in the winding by the 



Fig. 166 . Dbvblopmpjnt Diagrams of Four-pole, Three-phase 
Windings (Star Connected) 

(a) Half-coiled winding with end-connectioiiB in three ranges (suitable for split- 
irame machine); (b) Half -coiled winding with end-connections in two ranges; 

(r) Whole-coiled winding 

main flux; 01, the current; ORI, the internal E.M.F. due to re- 
sistance; OXI, the internal E.M.F. due to leakage reactance, and 
OV, the terminal voltage. 

Armature Reaction. The current in the stator winding produces 
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a magaeto-motive force which, in a symmetrically-loaded polyphase 
machine, rotates synchronously with the field magnets, and is there- 
fore stationary relative, to the field poles. 

In a single-phase alternator, however, the armature M.M.F. is 
stationary in space and alternates at the frequency of the current. 
But this alternating M.M.F. can be considered as the resultant of 
two equivalent rotating M.M.Fs., one (called the forward M.M.F.) 
rotating synchronously with yj 
the field magnets, and the 
other (called the backward 
M.M.F.) rotating at synchro- 
nous speed in the opposite 0 
direction to the field RI 
magnets. 

The forward M.M.F. is 
analogous to the armature- 

reaction M.M.F. in a poly- mining Tnteknal E.M.F. 

phase alternator, i.e. this 

M.M.F. is stationary relative to the field magnets and, therefore, 
it reacts with the M.M.F. of the latter. 

The backward M.M.F., however, is rotating, relative to the field 
magnets, at twice the normal speed of the machine ; and, as this 
M.M.F. is unopposed, it induces in the pole shoes and adjacent 
parts (including also the field coils) E.M.Fs. having a frequency 
double the normal frequency of the machine. The resulting double- 
frequency eddy currents, if unrestricted, would cause losses and 
heating which would be detrimental to the performance of the 
machine. Hence, in practice, the pole shoes are fitted with dampe^r 
(i.e. short-circuited) windings to provide a definite path for these 
currents. 

Armature Reaction in Polyphase Machines. Since in a symmet- 
rically-loaded polyphase alternator the M.M.F. due to the armature 
currents is stationary relative to the field magnets, the armature 
and field M.M.Fs. will react with each other in a manner somewhat 
similar to the armature reaction in a direct- current generator. 
Thus when the current is in phase with the generated E.M.F., the 
axes of the armature M.M.F. coincide with the neutral axes of the 
field magnets, and the armature M.M.F. has a cross-nuxgnetizing 
effect on the field poles, corresponding to the cross-magnetizing 
effect in a direct- current machine when the brushes are in the 


neutral position. 

Again, when the phase difference between the current and 
generated E.M.F. is 90°, the maximum value of current in a given 
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phase will occur when the axes of the field poles coincide with the 
magnetic axes of the coils of that phase. Hence, in these cases the 
magnetic axes of the armature M.M.F. will coincide with the poles, 
and the armature M.M.F. will have a direcUmagnetizirig effect, 
magnetizing the poles when the current is leading, and demagnet- 
izing the poles when the current is lagging. 

For a phase difference y), the armature will produce both direct- 
and cross -magnetizing effects, the direct-magnetizing effect being 
proportional to sin yt and the (;ross-magnetizing effect being pro- 
portional to cos y). Observe that 
the angle y) is the phase difference 
between the generated E.M.F. 
and the current, and is therefore 
called the internal phase difterence 
or the internal angle of lag or 
Icmd. It is determined from the 
vector diagram of Fig. 167. 

Determination of Keld Excita- 
tion. The resultant excitation on 
the field magnets which is lUH^es- 
sary to obtain a given generated 
E.M.F. may be determined by compounding the M.M.F. due to 
armature reaction with the M.M.F. required to produce the requisite 
flux in the magnetic circuit. The vector diagram is shown in Fig. 
168, in w^hich the vector OE represents the generated E.M.F. corre- 
sponding to a t(irminal voltage OV, and a (current 01 \ OF repre- 
sents the M.M.F. necessary to produce the flux OO ; OG, the field 
M.M.F. equivalent to the armature M.M.F., and OH, the resultant 
M.M.F. to be produced by the field winding. 

The vector OG is drawn with a phase difference of 90° lagging 
from the vector of the current, in order that the component vectors 
OJ, OK, representing the direct- and cross -magnetizing effects 
respectively of the armature M.M.F., may have their correct posi- 
tions in relation to OF. For example, the component representing 
the direct-magnetizing M.M.F. must be proportional to sin y), and 
must act in direct opposition to the field M.M.F. vector OF when 
y) is lagging. Similarly, the component representing the cross- 
magnetizing M.M.F. must be proportional to cos tp and must be 
perpendicular to the field M.M.F. vector OF. 

The magnitude of OG represents the field M.M.F. equivalent to 
the armature M.M.F., both being expressed in ampere-turns per 
pole. This quantity may be conveniently determined from the 
short-circuit characteristic of the machine. 



Fig. 168 . Vectou DiA-aiiAM fou 
Determintino Excitation 
Amteue-turns 
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Short-circuit Characteristic. This characteristic shows the rela- 
tionship between the excitation and the ar mature or stator current 
when the stator terniinals are short-circuited and the machine is 
run at normal speed. The characteristic is a straight line for stator 
currents up to about twice full-load current, and in some machines 
this proportionality may extend to higher currents, but usually for 
these currents the characteristic bends over slightly towards the 
excitation axis. 

The excitation necessary to pass full-load current through the 
short-circuited stator windings may be from about one-third to 
one-half of the excitation required to give normal voltage at full 
load at the rated power factor of the machine (usually 0-8, lagging). 

Under the conditions of proportionality between the excitation 
and the short-circuit current, the field ampere-turns are expended 
almost entirely in neutralizing the armature ampere-turns, since 
under these (i.e. short-circuit) conditions the E.M.F. generated in 
the stator winding simply balances the impedance voltage, and 
therefore the flux in the machine has a very low value. Moreover, 
the phase difference between the generated E.M.F. and the emrrent 
is almost 90"" lagging, and therefore maximum current occurs when 
the axes of the poles coincide with the magnetic axes of the stator 
winding. Hence, with low-rcactanco machines the excitation (i.e. 
the field ampere -turns per pole) required to obtain full -load current 
will be a close aj)proximation to the equivaleuit armature-reaction 
ampere- turns per pole (i.e. the maximum value of the armature- 
reaction ampere-turns per pole). But with high -reactance machines, 
the approximation will not be so close owing to the excitation 
required to produce the higher flux under these conditions. 

Leakage Reactance and Inductance of Armature. This quantity 
(cannot be determined by a direct method, such as by passing a 
current of normal frequency through the stator winding and 
measuring the a})plied voltage, as the results obtained from such a 
test will not represent the leakage reactance under normal working 
conditions, owing to the different flux densities and the difi’erent 
flux distribution in the two cases. 

An approximation to the actual valuti of the leakage reactance 
may be obtained from the open-circuit characteristic and the load 
characteristic for zero power factor (which is a curve showing the 
relationship between voltage and excitation for full wattless load 
— i.e. full-load current — ^in the armature and a power factor of zero). 

Alternatively, if the winding is star- connected and the neutral 
point is available, the leakage reactance may be determined by 
taking two short-circuit tests, one with only one phase of the 
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armature winding short-circuited, and the other with all (three) 
phases of the armature winding short-circuited. From the results 
of these tests the armature reaction and the leakage reactance may 
be calculated,* but the value of the leakage reactance so obtained 
is only an approximation to the true value on account of the 
magnetic saturation in the teeth not being normal. 

Voltage Regulation. The voltage regulation (expressed as a per- 
centage) of an alternator is defined as the percentage rise in voltage 



Fig. 109. Graphic Method of Determining Voltage Regulation 


above normal when full load is thrown off, the excitation remaining 
constant at the full-load value and the si)eed remaining constant 
at its normal value. Thus if F is the normal voltage at full load 
and Vq is the no-load voltage when full load is thrown off under 
the above conditions, the voltage regulation is given by 

100(Fo-F)/F 

Calculation of Voltage Regulation. To determine the voltage 
regulation without actually loading the machine, it is necessary to 
have a knowledge of (1) the open-circuit characteristic; (2) the re- 
sistance and the leakage reactance of the stator windings ; (3) the 
equivalent field ampere -turns corresponding to the maximum 
armature-reaction ampere-turns. 

* “Experimental Analysis of Armature Reaction.” Paper by Dr. Gisbert 
Kapp. Joum. I.JS.E., Vol. 42, p. 703. 
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The procedure is as follows: (1) Calculate the voltage drops due 
to resistance and leakage reactance; (2) compound these voltages 
with the terminal voltage to obtain the internal or generated E.M.F., 
OE, Fig. 169 ; (3) determine from the open-circuit characteristic the 
corresponding excitation, OC \ (4) determine from the vector dia- 
gram the internal phase angle (i.e. the phase difference between 
the generated E.M.F. and the current) ; (6) set off from C the 
equivalent armature reaction ami)ere-turn8 at the angle y) from a 
perpendicular erected at 0 (these ampere-turns are represented by 
CD), and add these ampere-turns to the excitation ampere- turns 
OC, thus obtaining the full-load excitation, OF ; (6) determine the 
open-circuit voltage Vq corresponding to this excitation. Whence 
the voltage regulation = 100(F()- V)/V. 

When the calculation is made for a three-phase machine, the 
open-circuit characteristic is plotted in terms of the phase E.M.F. , 
and all calculations of voltage drops, E.M.Fs., and voltages are 
made on the basis of phase quantities. 

In cases where the armature-reaction ampere-turns are not given, 
it is necessary to have available the short- (dr cuit characteristic. 
The equivalent maximum arniature-rcacdion ampere-turns, AB 
(Fig. 160), arc then obtained by subtracting from the excitation 
ampere-turns, OB, required to circulate full-load current the 
ampere- turns, OA, necessary to produce the flux to generate the 
requisite E.M.F. (i.e. the impedance voltage). 

Synchronous Impedance. This quantity is defined as thes ratio : 
(open-circuit E.M.F./ahort-circmit current), both corresponding to 
the same excitation. It is, how^ever, a fictitious impedance, as 
armature reaction is considered as having an effect similar to that 
of inductance or reactance. Moreover, in modern alternators the 
synchronous impedance is not a constant quantity because the 
open-circuit characteristic is not a straight line. Thus, although 
formerly the quantity was used in calculations of voltage regulation 
and parallel working, nowadays such cahmlations are usually 
made by the above method, in which the effects of reactance and 
armature reaction are considered sej)arately. 



CHAPTER XII 

THE POLYPHASE INDUCTION MOTOR 

The polyphase induction motor is a machine in which the torque 
is produced by the interaction of a rotating magnetic field — pro- 
duced by a stationary member, called the primary or stator — and 
polyphase currents induced, by this field, in a rotatable member, 
called the sexondary, or rotor. The rotating magnetic field is an 



Vm. 170. Longitudinal Views (Paht Elevation and Part 
Section) of Three-fhase Slip-ring Induction Motor 
{Metropolitan-Vickers Electrical Co.) 


essential feature of all induction motors, and it enables energy to 
be transferred from the primary to the secondary by electromagnetic 
induction — whence the name “induction^’ motor — so that no 
electrical inter-connections between primary and secondary are 
necessary. 

In virtue of the rotating magnetic field and the polyphase cur- 
rents induced in the secondary, the torque is steady and free from 
pulsation. Moreover, a large torque at starting can be obtained, 
if desired. 

The Stator. The primary member, or stator, consists of a lam- 
inated core— built of annular or segmental silicon-steel laminations 
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—the inner periphery of which is slotted and wound with a poly- 
phase winding suitable for the supply system. In motors for indus- 
trial purposes, the core laminations are fitted and clamped into a 
frame which is fitted with end shields and bearings for the shaft 
carrying the rotor. Fig. 170 shows longitudinal views of a typical 
industrial motor. 

The slots are usually semi -closed, and the winding is usually of 
the half- coiled type, the number of poles depending upon the speed 



Fig. 171 . Wound Statoh of Thkee-i’hask Induction Motor 
Showing Bar Winding and Axial Ventilating Holes 
{Mciropolitan-Vicicert Electrical Co.) 


required and the frequency of the supply system. A typical stator 
is illustrated in Fig. 171. 

The Rotor. The secondary member, or rotor, consists of a cylin- 
drical laminated core mounted on a shaft. The outer periphery of 
the core is slotted for the rotor winding, which may consist either 
of a permanently short-circuited winding or a polyphase star-con- 
nected winding with the ends brought out and coimected to three 
slip-rings mounted on the shaft. 

A rotor having a permanently short-circuited winding is called a 
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squirrel-cage rotor, and one having a polyphase winding connected 
to slip-rings is called a slip-ring rotor. The object of the slip-rings 
is to enable resistances to be inserted temporarily in the rotor circuits 
for the purpose of controlling the torque and current at starting. 

Rotor Windings. The permanently short-circuited form of rotor 
winding consists of solid conductors (one per slot) with the ends 
short-circuited by solid end-rings. Exce])t for the smallest sizes, 
the conductors and end-rings are of copper, and the ends of the 
conductors are welded to the end-rings to obtain a joint of low 



(a) (6) 

Fkj. 172. Squirrel-cage (a) and Slip -ring [b) Rotors for 
Induction Motors 

{Metro 2 Jolitan- Vickers Electrical Co. and British Thomsov -Houston Co.) 

elc(;trical resistance. A typical rotor is illustrated in Fig. 172(a). 
In the smallest sizes, however, which are manufactured in large 
quantities, the conductors and end-rings are of aluminium, which 
is cast by a special process in the completely-assembled core. 

The polyphase star- connected rotor winding — usually a three- 
phase winding — has the same number of poles as the stator winding, 
but usually fewer turns per phase. The number of turns per phase 
is arranged to give a maximum voltage between slip-rings (which 
occurs when the slip-rings are open -circuited with the rotor sta- 
tionary and the stator excited) of about 100 V. or less for small 
motors, increasing, with the size of the motor, to values of about 
1000 V. or more. The choice of rotor voltage is at the discretion of 
the designer, and usually involves a compromise between a robust 
winding on the one hand, and, on the other hand, rotor currents 
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which will not involve too costly slip-ring brush-gear and starting 
rheostats. A typical rotor is illustrated in Fig. 172 (6). 

Action — ^Botor Circuits Open. Consider a slip-ring motor with 
the rotor stationary, the slip-rings open- circuited, and the stator 
winding excited from the supply system. The magneto-motive 
force due to the magnetizing currents in the stator winding pro- 
duces a rotating field which cuts the turns of both stator and rotor 
windings. Hence, E.M.Fs. of supply frequency are induced in the 
rotor winding, and the action is similar to that of a transformer, 
except that in the present case the field is rotating instead of 
alternating. 

But due to the air-gap between the stator and rotor (which causes 
magnetic leakage), the fiux cutting the rotor conductors will be 
slightly less than that cutting the stator conductors, and in con- 
sequence the ratio of the induced E.M.Fs. per phase will not be 
exactly equal to that of the turns per phase. Moreover, on account 
of the relatively high reluctance of the air-gap, the magnetizing 
current will be relatively large compared with that for a corre- 
sponding transformer. 

If a voltmeter is connected across a pair of slip-rings and the 
rotor is slowly turned by band, the reading of the voltmeter will be 
practically constant for all relative positions of rotor and stator, 
the alight deviations from the constant value being due to varia- 
tions of the leakage and reluctance of the magnetic circuit. But if 
the phase difference of this voltage relative to the supply voltage 
is measured, the value obtained will vary with the position of the 
rotor and will undergo a total variation of ^tt radians for one 
revolution of the rotor. 

Hence, under these conditions the motor acts as a polyphase 
phase-shifting transformer and has practical applications for this 
purpose (e.g. in the testing of supply meters), and also as a booster 
transformer for regulating the voltage in three-phase circuits. 
When used in this form the apparatus is called an induction regulator. 

Action — Rotor Circuits Closed. For this case we may consider a 
motor with either a squirrel-cage rotor or a slip-ring rotor, with the 
slip-rings short-circuited or alternatively connected to external 
resistances. 

Currents. When the stator is excited, the E.M.Fs. induced in the 
rotor winding will now produce currents in each of the phases,* the 

* The number of phases in a squirrel-cage rotor winding is equal to the 
number of conductors per pair of poles. Such a winding is equivalent to a 
multiple -circuit polyphase half-turn winding, the number of parallel circuits 
being equal to the number of pairs of poles. Each phase consists of one 
conductor and the portions of the end-rings corresponding to two pole-pitches. 
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magnitude of the current being determined by the phase E.M.F. 
and impedance. The phase difference between the current and 
E.M.F. in each phase is determined by the ratio (reactance/ 
resistance). 

If the rotor is held stationary, the conditions, so far as rotor and 
stator currents and M.M.Fs. are concerned, are similar to those in 
a transformer with short-circuited secondary, but with the impor- 
tant differences that ( 1 ) the stator, or primary, current is relatively 
small in comparison with the short-circuit current (at normal volt- 
age) of a corresponding transformer ; ( 2 ) the ratio of stator and rotor 
currents is not equal to the ratio of the turns per phase in the stator 
and rotor windings. These differences are, of course, due to the 
larger magnetic leakage and leakage reactance of the induction 
motor. 

Torque — Rotor Stationary. Since the rotor currents are produced 
by a rotating field, the direction of the currents in relation to the 
field will be such as to produce a torque, the magnitude of which 
will be proportional to rotor current x flux X cosine of the phase 
difference between current and flux, i.e. 

torque oc 0/2 cos 

where /g denotes the rotor current, O the flux, and 7^2 fA® phase 
difference between current and flux. 

Thi]s for a given flux and current the torque is proportional to 
cos (p2, i.e. the i)owcr factor of the rotor circuit. A highly inductive 
low -resistance rotor circuit is therefore very undesirable for the 
production of torque and is, in consequence, always avoided in 
practice. 

Torque — ^Rotor Running. If the rotor is free to rotate and the 
torque produced exceeds the load torque, the rotor will run up to 
speed in the same direction as the rotating field. During this 
running-up period the relative speed at which the flux cuts the 
rotor conductors progressively decreases, which results in a corre- 
sponding decrease in both fhe rotor E.M.F. and the rotor frequency. 
The speed will become steady when the torque produced is equal 
to the retarding torque, and at this speed the E.M.F. induced in 
the rotor winding must be just sufficient to produce the current to 
give this torque. 

At no-load the speed of the rotor will be nearly equal to that of 
the rotating field (which is called the synchronous speed) and, in 
revolutions per second, is equal to 

supply frequency /number of pairs of poles. 
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If load is applied gradually, the speed will drop progressively, 
the change in speed being proportional to the change in torque. 
But wdth industrial motors, the percentage drop in speed from no 
load to full load is very small, being about 2 per cent in large motors 
and from 4 to 6 per cent in small motors. Thus an induction motor 
is practically a constant-speed machine, and its speed-torque char- 
acteristic resembles that of a shunt-wound direct- current motor. 

If the load is iiuTeased beyond about twice full-load torque, the 
speed will drop rapidly and at about 2J times full-load torque the 
motor will break down, i.e. the torque exerted will be incapable of 
driving the load and th(j rotor will come to rest. 

Rotor Slip, and Frequency. The E.M.F. (E^ induced in 

each phase of the rotor winding at standstill is calculated, by means 
of equation (86), p. 239, in the same manner as the E.M.F. of an 
alternator. Thus, 

E, 4K,K,K,(t>NJ X 10-«, 

where <[) is the flux per pole, which is linked with the rotor (con- 
ductors ; iVg, tlie number of turns per phase ; /, the supply frequency 
Kf, the form factor, and Kj,, the pitch factor and winding 
distribution factor respectively f(3r the rotor winding. 

At standstill the flux cuts the rotor conductors at a speed of rig 
revolutions per second [n, = fi^Py where p = number of poles]. 
Hence, when the rotor is running at a speed of n r.p.s., the flux 
cuts the rotor conductors at a speed of Ug-n r.p.s. Whence the 
E.M.F. induced in the rotor at this speed (yi) is given by 

Eo{ng - n)/7ig = sE^ ( 86 ) 

where .v — called the fractional slip, or, shortly, 

the fdip. 

The frequency of the induced E.M.F. (£^ 2 n) si)ecd n is 

/a hP - «) = J Pn, — = /*• . • . («7) 

Hence, if, at full load, the slip is 5 per cent, the frequency of the 
E.M.Fs. and currents in the rotor will be 0-05 X supply frequenccy ; 
or, if the motor is running on a 50-(\ycle supply system, 2^ cycles 
per second. / 

Rotor Current and Power Factor. The impedance per phase of 
the rotor circuits at standstill ~ y/iR^ "f' where R^ denotes 
the resistance per phase and the standstill reactance per phase. 
Observe that Xg corresponds to the supply frequency, /, ainct^ 
s = 10. 
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Hence the rotor current (per phase) at standstill is 
/, = + ^2*) 

When the rotor is running with a slip s, the reactance becomes 
.sXg, and the impedance becomes \/(^2^ "I* Hence the current 

is now 

hn = EJVW + 

The power factor of the rotor circuits at standstill is cos (p^ 
= -Rg/ V (iJg® + Xg®), which, when the slip is s, becomes cos 

= RJV(^2^ + 

Since at the normal running speed of the motor, the slip, s, is 
very small, the power factor of the rotor circuits at this speed will 
be almost unity. 

Starting Torque. At standstill the torque (.^q) proportional to 
Oig cos <p2. Substituting for J2 and cos 93^ and introducing a con- 
stant of proportionality, K, we have 

c 0 E^l2 cos <p2 2 2 

{R2IX2) 

- XT (1 + ) ■ 

where = KE2. 


K ^ E 2 f 3/^2 

. . ( 88 ) 


Observe that: ( 1 ) when the ratio -Rg/Xg is fixed, the starting 
torque is inversely proportional to the reactance of the rotor circuit ; 
( 2 ) for a given value of Xg in a given machine, the starting torque 
will increase as R^ increases until R^ — Xg,* when further increase 
of i?2 will give a decreased torque; ( 3 ) for fixed values of R^ and 
Xg, the starting torque is proportional to the square of the flux. 

Now, the flux is approximately proportional to the voltage 
impressed on the stator winding. Hence, if this voltage is reduced 
for the purpose of reducing the starting current, the starting torque 
will be reduced in proportion to the square of the reduction in volt- 
age (e.g. if the voltage is reduced to one-half of normal, the starting 
torque will only be one -quarter of that corresponding to normal 
voltage). 

* This relationship is obtained by differentiating (88) with respect to Tij, 
equating to zero and solving for 7)^2’ liquating the differential coefficient to 
zero, we have 




THE POLYPHASE INDUCTION MOTOR 


255 


Herein, then, is one of the advantages of a slip-ring rotor over a 
squirrel-cage rotor, as, at starting, external resistances may be con- 
nected to tlie slip-rings to reduce the starting current. Thus the 
motor may be started with normal flux and, if the resistance per 



Fig. 173 . Totique-slip (a) and Spmed-torque {h) Cctuves for 
Slip-ring Induction Motor 


phase is made equal in value to the standstill reactance of the rotor, 
maximum torque will be obtained. 

Running Torque. Wlum the rotor is running with a slip 8 corre- 
sponding to a rotor current the torque, assuming the flux to be 
unchanged, will be 


K^sEJi.^ 

-- K<i>hn COS (P2„ = ^2 


mE^ 


sRJX, 


(89) 


The torque now varies with the slip and, if R 2 is variable, the maxi- 
mum torque may be obtained at any desired slip. Thus the slip 
corresponding to maximum torque is given by 5 ~ RJX^i i.e. maxi- 
mum torque occurs at the slip for v^hich the rotor reactance is equal 
to the rotor resistance. For example, if R^ = 0-1 Xg, the slip corre- 
sponding to maximum torque is 0-1 or 10 per cent; if i ?2 = O-SXg, 
the slip required for maximum torque is 0-6, or 50 per cent ; if /?2 
maximum torque occurs at standstill (s = 1*0). 

The curves of Fig. 173 (a) show the manner in which the torque 
varies with the slip for a given machine when the resistance of the 
rotor circuit is adjusted to give definite values for the ratio R^jN^^ 
Speed Control. If the torque-slip characteristics of Fig. 173 (a) 
are converted into torque-speed characteristics (Fig. 173 (6) ), we 
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observe that it is possible to control the speed of a slip-ring induction 
motor at a given torque by inserting resistances in the rotor circuits. 

But this feature of controllable speed by means of adjustable 
external resistances connected in the rotor circuit has its disad- 
vantages. Thus (1) the slope of the speed-torque characteristic is 
increased, so that the method is suitable only for drives requiring 
approximately constant torque at all speeds; (2) the efficiency is 
reduced almost in proportion to the reduction in speed ; (3) a large 
amount of heat may have to be dissipated in the external resistances. 

In practice, therefore, speed control, by means of resistances 
connected in the rotor circuits, is employed only when a temporary 
reduction in speed is desired, i.e. the motor is to run at the reduced 
speed for short periods only. 

When speed control at high efficiency and with “shunt” charac- 
teristics is desired, it must be obtained either by pole-changing (i.e. 
by so arranging the stator winding that two or more numbers of 
poles may be obtained by changing certain external connections) 
or by means of a commutator machine connected to the rotor cir- 
cuits of the induction motor. In the former case, speed control at 
high efficiency is limited to definite speeds only (e.g. 2, 3, or 4, 
according to the possible numbers of polos) ; but, in the latter case, 
continuous adjustment of speed, at high efficiency, is possible over 
the whole speed range (which may be 1 : 3 or more). The function 
of the commutator machine (which may form part of the induction 
motor itself) is to convert into mechanical energy the energy which 
would be dissipated as heat in the rheostatic method of speed control. 

Power Developed by Rotor— Mechanical Output. If S' is the torque 
developed by the rotor and n is the speed (r.p.s.), the gross mechan- 
ical power developed is Now for a three-phase motor, cT 
= K(p(l^) ( 3 / 2 ^ 2 ) since d> = K^EJpN^ris, we have ^ 

— 9 ^ 2 A^)» where = KK^, 

Whence ^njK^ = Pm = «os (p^n^d - s)lng 

= 3p2^2(l “ 9^2 • • • (9^) 

Therefore SE^I^d cos considered as representing the 

mechanical power developed by the rotor. 

Rotor Loss. When the rotor is running at a slip Sy the current 
in the rotor winding (per phase) is equal to sE 2 l\/(R^ + 
and the total I^R loss in the rotor circuits (assuming a three-phase 
winding) is 

Ph = 3P2[^i^2/V(^2^ + 

= 3(5^2) [^2/V(^2- + 

= 35 ^ 2^2 • • • • *( 91 ) 
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Whence 

i.e. Pr = Pm/(1/«" 1) (92) 

Electrical Efficiency of Rotor. The electrical input power (Pg) to 
to the rotor is 

Pg = Pj^ + P^ 3 P 2/2 cos (^>2 . . . . (93) 

Hence, rotor efficiency = PulP 2 = 1 - «s . . . . (94) 

Also Pvi/P 2 = ^ 

i.e. Pr = 5 P 2 (96) 

Relationship Between Starting Torque and Full-load Torque 

Let cT/, Sf denote the torque and slip respectively, at full load* 
and the torque at standstill. Then, from equation (89), 
= KOIzf cos (p 2 f. Multiplying and dividing the right-hand 
side by Sf/E^, substituting cos gpg/* 

replacing SfE^j's/iR^ + ■^ 2 /» obtain 

cS f ^ KQ^I^f^RtJSfE^ 

where = K^fE ^ ; 

and hf» cos (^ 2 /, denote the full -load rotor current and power factor 
respectively. 

Similarly, = A’'i/ 2 s^P 2 > where is the rotor current at stand- 
still. 

Whence 

or ^Jg =-- cT,(/ 2 ,// 2 /)% (96) 

Now if the magnetizing current is ignored, the ratio of the rotor 
currents is the same as that of the stator currents, so that, approx- 
imately, 

^3 — ^ . . . . • (96a) 

Methods or Starting Squirrel- cage Motors 
Four methods are available: (1) Switching the motor direct on 
to the supply ; (2) inserting resistances in the stator windings ; (3) 
regrouping the stator windings (Y for starting, A for running) ; (4) 
applying reduced voltage to the stator windings by means of a 
transformer. The methods are called: (1) direct starting; (2) pri- 
mary resistance starting; (3) star-delta starting; (4) transformer 
starting. 

Direct Starting. This method involves starting currents of the 
order of six to eight times full-load current, and is, therefore, 
usually restricted to small motors of about 2 to 3 h.p. With these 

i8—(T.52 45) 
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motors, the starting torque is about twice full-load torque. Hence 
the starting period is of only a few seconds’ duration, and the 
starting current is not harmful to the motor. 

Resistance Starting. In this method the starting current is re- 
duced by inserting resistances in the stator circuits. But, as equa- 
tion (96) shows, the starting torque is reduced in proportion to the 
square of the reduction in starting current. For example, if with 
direct starting the starting current is six times full-load current and 
the starting torque is twice full-load torque, then if the current is 
reduced to twice full-load current by inserting resistances in the 
stator circuits, the atarting torque will bo (2/6)^ X 2 full-load torque 
= 0*22 X full-load torque. The method is, therefore, only suitable 
for small motors which can be started light. 

Star-delta Starting. This method requires the stator winding to 
be delta- connected for normal running and to be provided with 
six terminals (i.e. the phases must not be interconnected). At start- 
ing, the windings are connected in star, and when the motor has 
run up to speed, the coimections are changed to delta, the change- 
over being made rapidly by means of a suitable switch. 

The starting current will be one-third of that (i.e. the line current) 
for direct starting, and the starting torque will also be one-third of 
that obtained with direct starting. For example, if these (direct 
starting) values are equal to six times full-load current and twice 
full-load torque respectively, then with star-delta starting the 
starting current will be J x 6 = 2 x full-load current, and the 
starting torque will be J X 2 == 0-66 X full-load torque. 


Proof. Let/, denote the (line) starting current with direct starting (i.o. 
delta connections). Then the direct starting current per phase = 

Hence when the windings are star-connected, the starting current for the 
same line voltage will be = i-f*- 

If If denotes the full-load line current (delta connections), the current per 
phase = and the ratio - [starting current per phase (Y)/full-load 

current per phase (A)] = (J/,)/(/^/V3) = (l/\/3) (I,///). 

Hence applying equation (96a), we have 


1 / starting current per phase \ 2 

Starting torque = P ull-load torque x { — § 1 1 : — ) 

® ^ ^ \full-load current per phase/ 

~ J {[Jlf)^ X full -load torque. 

= ^ X starting torque with direct starting. 


Transformer Starting. The limitations of star-delta starting are— 

(1) A six terminal motor is necessary, the stator windings of 
which are designed for delta connections. 

(2) The starting torque has a fixed value relative to that with 
direct switching, being about f X full-load torque for small motors 
to about J X full-load torque for medium size motors. These limita- 
tions do not occur with the transformer method of starting. 
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Since low ratios of transformation are required, an auto-trans- 
former is employed. In some cases a three-phase auto-transformer 
is used, and in other cases two single-phase V-connected trans- 
formers are used. In all cases, however, three or four tappings are 
provided per phase, in order that a suitable starting voltage may 
be selected for the particular starting conditions. When three 
tappings are provided, the starting voltages which can be obtained 
are approximately 55, 65, 75 per cent of the line voltage. 

If K is the ratio of transformation of the auto -transformer, the 
starting current taken from the supply system is approximately 
(IjK)^ X direct starting current, and the starting torque is approx- 
imately X direct starting torque. 

Proof. Let denote the (line) starting current with direct starting, and If 
the full-load current. Then, with the transformer, if V denotes the line 
voltage, the voltage applied to the motor =?= VfKt and the current taken by 
the motor = Ig{VIK)IV = 1,1 K. Hence, ignoring magnetizing current and 
losses in the transformer, the line current =- (1/^) 

Hence applying equation (96a), we have 

X- ^ ^ /motor-starting currentN® 

starting torque = Full-load torque X ' - full-io - ad cu^ ;ir~7 

= Full-load torque X 

= (1/K)* X Starting torque with direct starting. 

Equivalent Circuit and Circle Diagram 

Equivalent Circuit. The equivalent circuit of the polyphase in- 
duction motor is obtained in a similar manner to that for a corre- 
sponding transformer, phase q'tmntities only being considered. At 
standstill the conditions are the direct equivalent to those of a 
transformer, but when the rotor is running, the frequency in the 
rotor circuit differs from that in the stator circuit. To obtain the 
equivalent conditions in this case, we must bring the rotor to rest 
and insert resistances in the rotor circuits to obtain the same rotor 
current and power factor as when running. Thus the rotor current 
at slip 8 is /g^ = sE^jy/iR^ + Hence for this current to be 

the same at standstill (when the voltage is and the reactance is 
Za), we must have 8 E 2 |^/(R^ + — EJ^/l^R^ + R)^ + ■ 2 ^ 2 ^]- 

Whence R = R^il - 8 )/ 8 , 

The equivalent circuit is therefore represented by^a series -parallel 
circuit of the type shown in Fig. 174, which for approximate pur- 
poses can be reduced to the simpler type of circuit shown in Fig. 175. 
Due, however, to the relatively large magnetizing current of the 
motor compared with that of a transformer, the circuit of Fig. 175 
cannot be reduced to a simpler form as was done for the transformer. 
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Circle Diagram. The deduction of the no-load and short-circuit 
and the load diagrams for the circuit shown in Fig. 174 is given in 
Chapter XXII. For the present we shall concern ourselves only 
with the method of constructing the diagram from no-load and 
short-circuit tests, and the use of the diagram for predetermining 
the performance of the motor. 

The no-load test is taken with the motor running light at normal 
voltage and frequency, the slip-rings, if any, being short-circuited. 

The short-circuit test is taken with the slip-rings short-circuited, 
but with a low voltage (at normal frequency) applied to the stator 



Equivalent Circuit Diagrams for Induction Motor 

to give approximately full-load current. In both tests the current, 
voltage, and power are measured. 

The stator resistance is measured and, if the machine has slip- 
rings, the rotor resistance is also measured. The values obtained 
directly from the readings of the instruments will give the resist- 
ances between terminals or slip-rings, as the case may be. These 
values must be converted to “per phase “ values. Since slip-ring 
rotor windings are always star- connected,* the rotor resistance per 
phase will be one -ha If of the value obtained from the instrument 
readings. The stator windings, however, may be connected either 
in star or delta, and if the method of connection is not known, the 
stator PR loss per phase can be calculated as \PR\ where I is the 
line current and R is the resistance as measured between any pair 
of terminals.t 

Construction for Determining Centre of Circle. In Fig. 176, the 

* In some small rotors a two-phase L-connected winding is employed. 
This fact is readily ascertained by measuring the resistances between suc- 
cessive slip -rings. 

t If i? = resistance per phase, and R' = resistance between any pair of 
terminals, then R' = 2R for the star connection and §R for the delta connec- 
tion, Hence if J = line current and = phase current, 

PR loss per phase for star connection == \PR't and 

PR loss per phase for delta connection = /p^^CijR') = \PR*. 
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reference vector OE represents the terminal voltage, 0/^ the no- 
load current, and 01 ^ the short-circuit current at normal voltage.* 
Join /q/,, bisect, and draw a perpendicular PQ. From 1^ draw a 
parallel to OE, intercepting 01 ^ at A, Bisect I^^A, and draw BQ at 
right angles to cut PQ at Q, which is the centre of the circle, the 



Kio. 176. CiKCLE Diagram for Induction Motor 


circumfereiK^e of which passes through the no-load point, 7^, and 
the short-circuit point, 

Datum Lines, The horizontal axis, OX, is the datum line for the 
power input. 

The line, 7^, Ig, joining the no-load and short-circuit points is 
the datum line for power output. 

The datum line for the torque is obtained as follows — 

(1) Draw the vector 07^^ representing the current input at 
synchronous speed. [This is obtained by separating out the core 
loss from the no-load losses, the ordinate at 7^^ representing the 
core loss.] The point 7^^, therefore, corresponds to zero torque, and 
the torque datum line passes through this point. 

(2) Draw the ordinate IgG at the short-circuit point. Divide this 
at H, such that IgH : HG : : rotor PR loss at short-circuit : stator 
PR loss at short-circuit. Join H to 0 and produce to cut the 

* The short-circuit current (/,) at normal voltage is obtained from the 
measured values of current (/,') and voltage {V') on the short-circuit test. 
Thus 7, = IgiVjV'), where V == normal voltage. 
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ciroumference at K (which is a point corresponding to a slip of 
infinity and zero torque). Join looK^ which is, therefore, the torque 
datum line. 

Scales. The current scale (e.g. 1 cm. == p amp.) is fixed when the 
diagram is drawn and the vectors drawn from 0 to the circum- 
ference represent line currents. The equivalent rotor current is 
represented by vectors drawn from 1^ to the circumference. A 
vector such as represents the equivalent rotor current per phase 
corresponding to the line current 01. 

The power scale is 1 cm. = y/3pE watts, where E is the line 
voltage. 

The torque scale is obtained by determining the torque ordinate 
corresponding to full-load output and using this as a unit. 

The slip scale is obtained by (1) drawing from a parallel, , 
to the torque datum line ; (2) drawing a tangent from the point 
to cut this line at M ; (3) dividing the portion MIg into 100 parts 
with the zero at M. The per cent slip corresponding to the current 
01 is given by the scale reading at which the rotor- current vector 
cuts the slip scale. 

Performance Summary. Current input, 01 \ power input, 1C \ 
power output, /D ; torque, /JD; slip, total losses, DCf/^/Mosses 
(total), DN ; friction and windage loss, NF ; core loss, FC] ; effici- 
ency, IDjlC ; power factor, cos l^EOl ; starting torque, rotor short- 
circuited, l.H. 

Operation of Polyphase Induction Motor as Generator. An in- 
duction motor connected to a supply system and driven mechan- 
ically at speeds above synchronism (i.e. the slip is negative) operates 
as a generator, the power (within the limit of the maximum output) 
increasing as the slip increases. The frequency is determined by 
the supply system to which the induction machine is connected and 
which supplies the magnetizing current. The performance as gen- 
erator may be predetermined from the circle diagram constructed 
from the no-load and short-circuit currents of the machine operating 
as a motor. The portion bf the circumference below the point l^o 
(synchronous speed) and the horizontal axis OX is the locus of the 
stator current vector ; the horizontal axis is the output datum line ; 
the line l^^K is the torque datum line ; and the line 7^7, is the input 
datum line. The slip scale is extended to the left of the zero point, 
and the slip is given by the scale reading at which the line, produced, 
joining 7^^ extremity of the current vector Olg cuts the 

slip scale. 
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THREE-PHASE TRANSFORJ0ERS 

When a transformer is required for a three-phase system, either 
three single-phase transformers, suitably interconnected, or a single 
three-phase transformer, may be employed* The latter arrangement 
is more economical than the former, and is, therefore, always adopted 
in practice, unless special conditions require the use of three single- 
phase transformers. 

Arrangement of Core and Windings. Three-phase transformers are 
of the “core” type. The primary and secondary windings of each 
phase are arranged as concentric coils on sej)arate cores which are 
united magnetically by yokes. The drawings in Figs. 177, 178 show 
the general arrangement of the core and windings for the smaller 
sizes (50 to 500 kVA.) of transformers for distribution circuits. 
The drawings show also the mounting of the transformer in the 
tank, the cooling tubes, and the terminals. 

The cores of very large transformers, however, arc usually btiilt 
with five limbs. The primary and secondary windings are arranged 
on the three inner limbs, and the two outer limbs are without wind- 
ings. This construction is employed in order to obtain a lower 
overall height for the yokes, together with a better balance between 
the reluctances of the several magnetic paths, than is possible with 
a threc-limb core. The diagrams in Fig. 179 show the flux distribu- 
tion in the magnetic (circuits of three-limb and five-limb trans- 
formers at the instant corresponding to maximum flux in one core. 
In the transformer with three limbs, the maximum flux has to be 
carried by portions of the yokes as well as the core, but in the 
transformer with five limbs the yokes carry only one-half of the 
maximum core flux. Hence, for equal fluxes and flux densities in 
the two cases, the yokes of the five-hmb transformer will only be 
one-half of the height of those of the threc-limb transformer. 

Windings. The core type of magnetic circuit lends itself naturally 
to the use of circular coils for the windings. This (circular) type of 
coil is not only cheaper to wind and insulate than the rectangular 
typ(*, but is mechanically stronger than the latter^ and its shape 
will not distort under the large electro-mechanical forces which 
may occur with short circuits. 

The loW‘Voltage winding is wound, in one or more layers, directly 
on a cylinder of insulating material, which is arranged adjacent to 
the core when the transformer is assembled (see Fig. 178). 
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The high-voltage winding is subdivided into a number of coils of 
relatively small height (see Fig. 178). When practicable, the indi- 
vidual coils are wound directly on a cyhnder of insulating material, 
and radial spacers of insulating material are placed between the 
coils to provide ducts for the cooling oil. 

The windings on each core occupy symmetrical positions rela- 
tively to each other, so that the ampere-turns of each are distributed 
over the same length of the core. When tappings are required. 




Fig. 179 . Altkiinative Arrangements of Magnetic Circuits of 
Three-phase Transformers (Core-type) 

The arrows and nuinbers in the cores and yokes represent the directions and 
maRiiitudos of the fluxes at a imrticular instant 


they are arranged on the coils occupying central positions on the 
core (see Fig. 177). 

Interconnection of Windings. Transformers for supplying three- 
phase loads may have the secondary windings interconnected either 
in star or delta, but when the loads are supplied on the four-wire 
system only the star connection is permissible. Alternatively, the 
interconnected -star or zigzag connection may be used in cases 
where the ordinary star connection is undesirable (e.g. transformers 
for supplying three-phase mercury-arc rectifiers and three-phase 
rotary converters having a three- wire direct-current load). 

The primary windings may also be interconnected either in star 
or delta, but in transformers for extra-high -voltage (66 kV. to 
220 kV.) circuits the star connection is always employed, because 
the windings of each limb have then to be designed for only 57*7 
( = 100/\/3) per cent of the terminal or line voltage. In consequence, 
fewer turns and less insulation are required than if the windings 
were designed for the full -line voltage. Moreover, if the neutral 
point of the winding is earthed, the insulation on the high-voltage 
windings can be graded and still further economies obtained in con- 
struction. The graded insulation, however, cannot be applied to 
the individual turns, as the voltage per turn is constant throughout 
the winding.* 

* The inBulation on the turns adjacent to the high-voltage line terminals 
has to bo specially reinforced to withstand surges due to switching and line 
disturbances. 
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Another advantage of a star-connected high-voltage winding, 
with earthed neutral point, is that the transmission system may be 
better protected against earth faults than is possible with an un- 
earthed system. Also the voltage to earth at all parts of the system 
is limited to the phase voltage. 

Rules for Connecting-up. In making the star or delta connection, 
the rules given on pp. 177, 179 must be rigorously followed. The 
matter, however, is not so simple as that of connecting up the 



Fiu. 180 . Connection Diaokams Showing Alternative Methods of 
Makincj S'l’ar and Delta Connections in Three-phase TuANsrortMEJiS 


TliR terminiil niaikings taud the Icltpring of the wjuiUiigs aro in accordaricu witli 
British Standard Sppcilications 

In tlie diagrams marked " ConnePtioiis,” tho jjriiiuiry and secondary windings art; 
shown in the relative positions which they occupy on tlie cores. In tiie “SchernatJc 
Connections,” tliesc* windings arc shown separated in order that the interconnections 
may be more easily traced 

windings of a three-phase alternator as, with three-phase trans- 
formers, four combinations are possible for the primary and sec- 
ondary windings (considering only the ordinary star and delta con- 
nections), and two further combinations (involving phase sequence) 
are possible for the connections to the supply system. 

Connecting-up Combinations for Star and Delta Connections. Of 
the four combinations of connections for the windings, two refer to 
the methods of making the star connection and two to the delta 
connection. These methods are shown diagrammatically in Fig. 180, 
and in the diagrams all the coils are assumed to be similar in so 
far as direction of winding and assembly on the core are concerned. 
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In the diagrams (a), (6), which refer to the star connection, the 
neutral-point connection in one case (a) is made by connecting 
together all the lower ends (e.g. the starting or inner ends of the 
coils), and in the other case (6) this connection is made by con- 
necting together all the upper ends (e.g. the finishing or outer ends 
of the coils). 

In the diagrams (c), (d), which refer to the delta connection, in 
one case, (c), the delta is obtained by connecting the lower end of A 
to the upper end of J5, and so on; and, in the other case, (d), the 
delta is obtained by connecting the upper end of -4 to the lower 
end of By and so on. To provide a ready means of distinguishing 
and identifying these alternative methods of connection, it is 
convenient to use the letters Z and N, as the slope of the inclined 
portion of the letter then indicates the slope of the intermediate 
connections in the conventional diagram. 

Combinations of Connections for a Star-star* Transformer. The 
neutral -point connections of each winding may be made according 
to either of the methods (a) or (6), Fig. 180. Although four com- 
binations are theoretically possible, two of these give polarities 
which are identical with those of the other two combinations, so 
that we need only consider the combinations which give opposite 
polarities. Thus one combination is obtained by making the neutral- 
[)oint connections at the same ends of the coils of both primary and 
secondary windings, and the other combination is obtained by 
making the neutral -point connections for the secondary winding at 
the opposite coil -ends to those used in making this connection 
for the primary winding. These combinations may be represented 
(tonvcntionally by AA and AY. 

The connection and vector diagrams are shown in Fig. 181. 
Observe that in the connection diagrams a given coil or terminal 
of the primary windings is connected to the same line wire. Hence 
the phase sequence for the secondary voltages is the same for the 
two combinations, as will be seen from the vector diagrams. 

If the connections between two of the primary terminals and the 
line wires are reversed, the phase sequence of the secondary voltages 
will be reversed, as is showm by the vector diagram (/), Fig. 181. 

Combinations of Connections for a Delta-delta Transformer. In 
this case, as in the star-star case, the combinations" of connections 
reduce to two, viz. (1) similar interconnections (N or Z) for both 

* The desigriatioii star-star denotes that both primary and secondury 
windings are star-connected. The first word of the designation refers to 
the interconnection of the primary windings and the second refers to the 
interconnection of the secondary windings. 
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windings ; (2) dissimilar interconnections, e.g. N or Z for the pri- 
mary, Z or N for the secondary. These combinations may be repre- 
sented conventionally by A A and A V . The connection and vector 
diagrams are shown in Fig. 182. 

The vector diagrams should be compared with those for a star- 
star transformer. This comparison will show that the diagrams for 



Fig. 181 . Connections and Vector Diagrams for Three-phase 
Transformer 
Star/Star Connections 


the AA and A A combinations are similar, and those for the AY and 
AV combinations are also similar, but the latter differ from the 
former, as there is a phase difference of 180° between the vector 
groups of the secondary voltages. Henc;e parallel operation is 
impossible between AA and AY, or A A and AV transformers. 

Combinations of Connections for a Star-delta Transformer. Four 
combinations are possible for the windings, viz. (1) A A, (2) aV, (3) 
Y A , (4) Y V . With the same connections between primary terminals 
and line wires in all cases, however, the vector diagrams are of two 
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forms, similar diagrams being obtained for the X A and Y V com- 
binations, and similar diagrams for the XV and YA combinations, 
as shown in Fig. 183. 

The two groups of vectors representing the secondary voltages, 
however, have a phase difference of 180° relative to each other, 
and phase differences of 30° (leading in one case and lagging in the 



Fig. 182 . Connection and Vector Diagrams for Three-fhase 
Transformer 
Delta/Delta Connections 


other) relative to the vector group (Fig. 181) for a normal star-star 
connection. The 30°-pha8e displacement between the star-delta 
and star-star (or delta-delta) vector diagram is a characteristic 
feature of the star-delta connection, and it apphes also to the 
delta-star connection. 

Combinations of Connections lor a Delta-star Transformer. Four 
combinations are possible for the windings, viz. (1) AA» (2) AY» (3) 
V A> (4) V Y* ii'S hi the star-delta case, with the same connec- 
tions between primary terminals and hne wires, the vector dia- 
grams are of two forms, as shown in Fig. 184. If, however, the two 
sets of vector diagrams are compared, it will be found that the 




270 


ALTERNATING CURRENTS 


form of vector diagram for the A A combination of the star-delta 
transformer agrees with that for the AY combination of the delta- 
star transformer. Similarly, the form of vector diagram for the Y A 
combination of the star-delta transformer agrees with that for the 
Ay combination of the delta-star transformer. 



Fia. 183. Connection and Vectok Diagrams for Three-phase 
Transformer 
Sfcar/Delfca Connections 


Thus, as will be shown later, parallel operation of star-delta and 
delta-star transformers is possible.* 

Interconnected-star or Zigzag Connection. This connection, which 
has already been considered in detail on p. 191, is used for the 
secondary winding of a three-phase transformer in conjunction with 
either a star or a delta connection for the primary winding. But 

* In order to obtain parallel operation when the primary connections are 
arranrod as shown in Figs. 183, 184, the secondary terminals in Fig. 183 
should be marked in the order 6, 4, 5, instead of 4, 5, 6. 
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on account of the reduced kVA. rating of such a winding compared 
with a normal star-connected winding, the use of the zigzag 
connection is restricted to special cases where the ordinary star 
connection cannot be employed. 

Thus (1) in a three-phase mercury -arc rectifier installation the 



Fig. 184 . Connection and Vector Diagrams for Three-fhase 
Transformer 
Delta/Star Connections 


direct current returns to the neutral point of the transformer, and 
the zigzag connection of the secondary winding is necessary in order 
that no magnetization of the core may result from the circulation 
of this current. 

(2) In a three-phase rotary converter supplying a three-wire 
direct-current system, the middle wire of this system is connected 
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to the neutral point of the transformer, in order that the out-of- 
balance current may return, via the secondary windings and 
slip-rings, to the armature winding. The zigzag connection is, 
therefore, required in this case. 

(3) In A.C. multi -operator welding equipments, the individual 



Fig. 185 . Connection and Vectob Diagrams for Three-phase 
Transformer 

Delta/Zigzag (Interooiuieoted-star) and Star/Zigzag ( Interconnected - 
star) Connections 

(single-phase) welders are supplied from a three-phase transformer 
on the four- wire system. The delta-zigzag connection results in less 
unbalance in the three-phase system than the alternative delta-star 
connection. 

(4) When a third harmonic is present in the flux wave-form, the 
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corresponding E.M.F. may be eliminated from the phase voltage of 
the secondary by the zigzag connection. 

Combination of Interconnections for ZSigzag-connected Trans*** 
formers. The zigzag connection requires each phase of the sec- 
ondary winding to be wound in two equal sections. An important 
feature in arranging the interconnections is that a section belonging 
to one phase, e.g. A, is connected, with reversed polarity, in series 
with a section belonging to an adjacent phase, e.g. B or C. Although 
a number of combinations are possible, those which can be employed 
in practice must be chosen so that the resulting vector diagrams 
for the primary and secondary terminal voltages agree with those 
for one of the ordinary methods of interconnection (e.g. star-star, 
delta-star, etc.). When this limitation is imposed and the inter- 
connection of the primary winding is taken into account, the number 
of combinations reduce to four. 

These combinations are shown in the connection diagrams of 
Fig. 186. The combinations (a) and (6) are used with a normal 
delta- connected primary winding (Fig. 180 (c) ), and give vector 
diagrams for the terminal voltages agreeing with those for the A A 
and AV combinations respectively (Fig. 182.) 

The combinations (c) and (d) are used with a normal star-con- 
nected primary winding, and give vector diagrams for the terminal 
voltages agreeing with those for the delta-star combinations (Fig. 
184). It will be observed that in these diagrams the secondary volt- 
ages have phase differences of 30° (leading in one case and lagging 
in the other) relative to those of a normal star-star transformer. 

Bllarking of Terminals. It is apparent from the variety of methods 
of interconnecting the windings that a definite scheme of arranging 
the internal connections and marking the terminals must be em- 
ployed by all manufacturers if confusion is to be avoided when 
transformers are installed and connected to the supply system and 
the load. Such a scheme has been standardized by the British 
Standards Institution (see British Standard Specification No, 171) 
and is shown in all the diagrams of Figs. 180-185. To facilitate the 
installation and connecting-up of transformers for parallel working, 
a vector diagram of the primary and secondary voltages is given on 
the name-plate of each transformer. 

Parallel Operation. The conditions for the paraltel operation of 
single-phase transformers (p. 165) apply also to tliree-phase trans- 
formers, but with the following additions — 

(1) The voltage ratios must refer to the terminal voltages (hence 
such ratios may not be equal to the ratio of the numbers of turns 
per phase). 

iq-(T.5245) 
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(2) The phase displacement, if any, between the vector diagrams 
representing the primary and secondary voltages must be the same 
for all transformers which are to be connected in parallel. 

(3) The phase sequence, or phase rotation, of the secondary 
voltages, when the primaries are excited from the same bus-bars, 
must be the same for all transformers. 

Condition (2), which requires that there shall be phase displace- 
ment between the vector diagrams representing primary and 
secondary voltages, limits parallel operation to certain combinations 
of connections. These may be placed into four groups, as indicated 
in Table VI, and parallel operation is possible between any trans- 
formers belonging to the same group, provided that the other 
conditions are satisfied. 

TABLE VI 


Group Classification of Three -Ph ask Transformers with Windings 
Connected According to B.S.S. No. 171 




In terconnoction 



I nterconnection 

Group 

No. 

Phase 

Displace- 

of Windings 

Group 

No. 

Phase 

Displace- 

of Windings 

merit 

Pri- 

Se({- 

ment 

Pri- 

Sec- 



mary 

ondary 



mary 

ondary 

1 


A 

A 

.3 

- 30° 

A 

■< 

1 

0^ 

A 

A 

3 

- 30° 

A 

<1 

2 

180° 

A 

Y 

4 

-f- 30° 

A 

>- 

2 

180° 

A 

V 

4 

+ 30° 

A 

> 


Note. Tho ill terconrxeoted -star or zigzag combinations are not included, but 
may be obtained from B.S.S. No. 171. 


Tests for Polarity, Phase Displacement, and Phase Sequence. 

Although transformers with terminals marked according to British 
Standard Specification may safely be connected in parallel without 
checking the polarity, c^ses may arise in practice where such a 
test, together with tests for phase displacement and phase sequence, 
are desirable. 

The test for polarity is made by exciting both primary windings 
from the same bus-bars, connecting together temporarily two corre- 
sponding secondary terminals, say, a^, and connecting a volt- 
meter successively to the other pairs of corresponding secondary 
terminals. If the voltmeter reads zero, the polarities are correct for 
parallel operation. If the voltmeter reads double the normal sec- 
ondary voltage, the polarities are incorrect, and parallel operation 
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will be possible by a reversal of polarity (assuming this to be pos- 
sible) of one transformer. Voltmeter readings of other magnitudes 
will indicate either incorrect phase sequence on one transformer or 
a phase displacement between the vector diagrams representing 
the secondary voltages. 

The test for phase sequence is made by one of the methods 
described in Chapter XVIII (p. 431). 

Calculation of Loadings of Transformers Operating in ParalleL 
When the load connected to the secondary bus- bars is balanced, 
the current supplied by each transformer can be calculated by 
applying the same principles as were employed in the case of single- 
phase transformers operating in parallel. The calculations are, of 
course, made for one phase only, and the value of equivalent im- 
pedance to be used in the calculations is the equivalent impedances 
per phase referred to the secondary winding. When the separate 
impedances of the windings are given, the impedance of the pri- 
mary winding must be converted into an equivalent impedance 
referred to the secondary winding. In calculating this quantity for 
star-delta and delta-star transformers, it must be remembered that 
the voltage ratios for these transformers refer to the terminal volt- 
ages and are not equal to the “turn ratios.’* For example, if F^, 
denote the primary and secondary terminal voltages, the “turn 
ratio” for a star-delta transformer is (Fi/'\/3)/F8 = Fi/\/3^2» 
the “turn ratio” for a delta-star transformer is ViKVJx/S) 
= V3F,/F,. 

If the equivalent impedance per phase is reduced to its appro- 
priate value for a star-connected secondary winding, the equivalent 
circuit per phase for each transformer then becomes a simple R - L 
series circuit ; and the vector diagram, drawn for phase quantities, 
is similar to that (Fig. 96) for the parallel operation of single-phase 
transformers. 

Example 1. Two three-phase transformers, A and B, of equal kVA. ratings, 
are connected in parallel to share a load of 500 kVA. at 0-8 power factor 
lagging. The equivalent delta impedances referred to the secondary terminals 
are 2 4“ jS ohms for A, and 2 -}- j4 ohms for B. Calculate the loading of each 
transformer. 

The equations (53), (56), deduced for single-phase transformers, are applic- 
able to this case, and since only the ratio of the equivalent impedances is 
required for the calculation, the given (delta) values may bo used directly 
without converting them into “star” values. 

Thus, kVA^ = kYA/(l + ZJZj,) 

kYAa - kYA/(l + 

Now, ZJZ^, = (2 + j5)l{2 H- j4) 1-2 + jO t 

® -j0’069 

kYA^ == 600(0*S-yO'«)/(2*2 + j»0-l) 

= 17S-jl44 


Hence 
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kVA,, = rm{0-8 -j0‘6)lil-827 -jO-069) 

= 225 -jl5B 

kVA^ -- + 1442) == 226-8 

cos (pj^ = 175/226-8 = 0-772 

kVAj, = v/(2252 ^ i5(}2) = 273-2 
cos <Pj, = 225/273-2 = 0-823. 

Example 2. Two delta-star, 11,000/400 V. transformers, A and B, of equal 
kVA. ratings, are connected in parallel to supply a load of 1000 kVA. at 0-8 
power factor lagging. The impedances per phase are : A — primary 7 -f j21 
ohms, secondary 0'003 -f jO-0075 ohm ; B — primary 8 + jl9 ohms, secondary 
0 0035 -f- jO'007 olim. . Calculate the loading of each transformer. 

The voltage ratio 11,000/400 refers to the terminal voltages. The secondary 
phase voltage == 400/ \/ 3 == 230 V., and therefore the ratio of turns is 
approximately 1 1 ,000/230. 

The equivalent impedances per phase referred to the secondary are — 

== 0 003 + j0 0075 + (230/11,000)2 (7 -f j21) 

^ 0 00606 + jO 01668 

Zji = 0 0035 -f ^0-007 + (2.30/11,000)2 (8 -f ^19) 

= 0 007 + j0 0153 

Hence =" ^'05 jO '085 

Z^^(Z ,^ = 0 947 ^jO 0764 
kVA^ = 1000(0 8 -j0'6)l{2'05 -f j0 085) 

^ 377 -j290 

kVAi, = 1000{0'8 -j0'6)l{l'947 - J0'0764) 

= 423 -j310 

Whence kVA^ ^ V(3772 290*) = 476 

cos (p^ -= 377/476 = 0-792 

kVAn = \/(4232 + 310*) =- 524 
cos = 423/524 = 0-808 

Parallel Operation of Delta- and V- (Open-delta) connected Trans- 
formers. The oj)en-(ielta or V connection, which has already been 
considered on p. 192, is obtained from the delta connection of three 
single-phase transformers by removing one transformer. It is useful 
as an emergenaj connection, and is not employed for normal opera- 
tion because the output from the V-group is only l/V^ (= 0-577) 
of that from the original A -group. 

When a group of (two) vee-connocted transformers is connected 
in parallel with a group of (three) delta-connected transformers— 
all of identical ratings — the total kVA. available for the load is 
approximately only 80 per cent of the total kVA. rating of the 
groups if none of the transformers is be overloaded. Thus five 
100 kVA. transformers (identical in all respects) would be required 


and 

Whence 
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for a load of 400 kVA. One transformer would be fully loaded, and 
each of the other four would be operating at about three-quarters 
of full load. The method of calculating the loadings is deduced in 
the following section. 

Oalcolation ol Loadings o! V- and A -connected Transformers Operating in 
Parallel. The secondary circuits of the transformers (of which C form 

the delta group and i), E the V-group) and the load are shown in Fig. 186. 



Fra. 186. Circcit Dtagram (SBCONOABy Ciboujts only) fob 
Parallel Operation of A- and V-connected Transformers 


Lot Zi denote the impedance of each phase of the balanced load; Z„ J,, 1^, 
the load currents; the current in transformer A; the sum of the 
currents in transfonners B and D\ the sum of the currents in trans- 
formers C and E ; Z, the equivalent imiiedance of each transformer referred 
to the secondary ; Eg, Eg, the no-load voltages. 


Then, from Fig, 186, we have 

/i + h 4- /a - I A " hx = /i ~ h~h'* 1 bd ” hx ' 

Hence Jgg — I a'~ 4” ^2 ’ ~ /a ■” “ ^ 2 * 

Ignoring exciting currents, we have 

Fa ~ fiFi 4- JaF ^ 

Fb = hFt 4- mxD = hh + mh - h 4- /,) . 

Fo = hFi 4- ^FJex = “ (/i 4- Ji)Fi 4- ^F{Ja ~ “ ^ 2 ) 

Hence Fb F o = hF-JiiFi 4- m = - Fa^ Bince Ej, + Fb 4" 
Subtracting this equation from (97), we have 

^Fa = 4- |2), or A - 2EJ(2Zi -f ^Z). 

Substituting this value in (97) and solving for we obtain 

I A = ^Fa ' hZm = FaWH^Fi + ^F)\ 

Similarly, by expressing Eg and Eg in symbolic form, wo obtain 

„ - {^Z^ + 3Z) + j^/mFl 4 - 3Z ) 

Ibd-Fa "~(4Zi + 3Z) (2Zi Z) 

„ - (6-Z, 4- 3Z) -yV3(4Z, + ^) 

Iox-Fa ' '(4Z, + 3^)(2Z, -hZ) 


■^h-h 


(97) 
(97a) 
(076) 
^^ = 0. 


(98) 


(99) 

( 100 ) 


If, as an approximation, Z is ignored in comparison with the expressions 
for the currents in tlie transformers reduce to 

I A ^ KFaIFi) ; Ibd = i( - 3 4- V3) {FaIFi) ; 

fox = i( " 3 -j2y/3){FAlFi) 

Whence/^ == lEjZi’, Igg == i\/21(^/Zj); Jgg = iv^S^A/Zj). 
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Therefore the currents in the individual transformers A, C are in the 
ratio of 3 : ^\/2\ : or 1 : 0*763 : 0*763. Likewise, the currents in 

transformers D and K are only 0*763 of the current in A. 

Phase Tbansformation 

One of the advantages of the three-phase system is that other polyphase 
systems can be obtained by means of a transformer with suitable windings. 
Six-, nine-, and twelve-phase systems can be easily obtained from the ordinary 
type of three-phase transformer by providing suitable secondary windings. 



Fig. 187. Connection and Vector Diagrams for Three-phase/ 
Six-phase Transformer 


Del ta/Triplo -star Connections 


Two -phase and four-pluiso systems can be obtained by means of oitlior two 
single-phase transformers or a three-phase transformer. 

Three-phase to Six-phase Transformation. We have already shown in 
Chapter IX how a six-phase system may be tibiained from a three-phase 
system. Thus referring to p, 20i>, we can obtain a six-phase supply by pro- 
viding two secondary windings (each having the same number of turns) per 
phase, connecting these to /onri two tliree-phaso star-connected systems 
using the combinations YA*' then connecting the two neutral points 
together. 

In cases where this simple six -phase star connection is undesirable (such as 
when the third hannonic, which is known to be present in the secondary, 
E.M.Fs. is to be eliminated from the phase voltage of the six -phase system), 
the triple -star connection is employed. This connection requires three equal 
secondary windings (each having the same nmnber of turns) per phase, and 
the method of interconnecting tho sections is somewhat similar to that em- 
ployed for the zigzag connection (p. 191). Fig. 187 shows the connection 
and vector diagrams for the present case. The remarks, on p. 191, concerning 
ratings, apply also to the present case. 

The six-phase star connection (sometimes called the double-star connection) 
and the triple-star connection are used chiefly in transformers supplying 
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rneroury-arc, and other forms of six-phase, rectifiers requiring a star-con- 
nected transformer for the anode supply system, the neutral point forming 
the negative pole of the output (direct-curnuit) circuit. 

For supplying rotary converters, or other mesh -connected loads, altornativo 
connections such as the diametrical and the double-delta (p. 208) are 
employed. These are discussed fully in Chapter IX. 

Three-phase to Twelve-phase Transformation. The connections of a trans- 
former for supplying a twelve-phase system can be readily devised by an 
extension of the principles employed in three -phase /six -phase transformation. 



Fig. 188. Cotjnegtton and Vector Diagrams for Three-phase/ 
Twelve -PHASE Transformer 
Dolta/Star (interconnected) Connections 

Tlip dotted liiie.siii the vector diagram indicate wliieh phase E.M.Fs. arc compounded 
to obtain tlie voltages between each of the line tenninuls and the neutral point (0). 

A relatively large number of combinations (rei^uiring from two to six sections 
of secondary winding per limb) are possible for a meah-connoctod load (e.g. 
a rotary converter), but for a twelve-anode morcury-arc rectifier only the 
combinations which have a common neutral point can be employed. 

One example for the latter purpose is shown in Fig. 188. Six sections are 
required on each limb: four sections aro each wound to give a voltage of 
81-(> per cent of the phase voltage of the twelve-phase system, and the remain- 
ing two sections are each wound to give a voltage of 29*9 per cent of the 
phase voltage of the twelve -phase system. Tliese numerical/valuos are readily 
obtained from the vector diagram. 

Four combinations suitable for a mesh -connected load are shown in Fig. 189. 

Method A requires triple secondary windings, two sets of which are similar 
and are interconnected according to the double-delta method. The remaining 
set of windings may be provided with imd-point tappings, which, when inter- 
connected, form a neutral point to the mesh -connnec ted load. 

Method B requires quadruple secondary windings : two sets arc connected 
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in double delta, and the remaining two sets are connected in mesh. The 
windings forming the double-delta group arc similar, and the windings form- 
ing the mesh-connooted group are also similar, but the voltages of the two 
groups are unequal. 

Methods C and D require only double secondary windings, the sections of 
which are not inter-connected except through the load. 

The relative voltages to be supplied by each section of the secondary 



Fio. 189. Four Methods of Supplyitso a Twelve-phase Load 
FROM A Three-phase Transformer 


windings for the several methods of connection can be easily determined from 
the geometry of the vector diagrams (a, 6, c, d) of E.M.Fs. 

Three-phase to Two-phase Transformation. The method employing two 
single-phase transformers is shown in Fig. 190.* 

Hoth transformers have similar magnetic cirfMiits and may have similar 
secondary windings, in which ^a.se tiie primary winding of one transformer, B, 
must have only 0*866 ( = J I'he turns of the other transformer, A, and 

the latter must have its primary winding tapped at the mid-point. One end 
of the 86*6 per cent winding is connected to the mid -point of the primary 
winding of transformer, ^1, and the other end of the primary winding of ii*, as 
well as both ends of the jirimavy winding of ^4, are connected to the three-phase 
line wires. The ends of the secondary w'indings are connoctod to the two- 
phase line wires. 

Assuming the two-phase side to be unloaded, and the magnetizing currents, 
which are supplied from the three-phase side, to bo balanced and sinusoidal, 
the resultant amjiore-turns in transformer A ai-e equal to the vector difference 
of the ampere-turns due to the currents in the half-sections of its primary 
• This connoction is duo to Prof. C. F. Scott, and is nsually called tho “ Scott” connection. 
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winding. Honco, since these currents have a phase difference of 120®, the 
resultant arnpere-turns are given by X i ~ 0-866/^Ar„ where 

7^ is the magnetizing current and the niimbt^r of turns in the primary 
winding. 

Similarly, the ampere-turns in transformer B are given by F-^ = 0-8()6/^iV,, 
since the j)rimary winding of this transformer has only 86'G of the number of 
turns in the primary winding of transformer A. Moreover, the ampere - 
turns, j^j,, have a phase difference of 90® with respect to F^. 

Hence the lluxes in the two transformers are equal and have a phase 
difference of 90®. Therefore the K.M. Fs., /t’j, induced in the secondary 
windings are equal and have a phase difference of 90°. 

Consider now the E.M.Fs. induced in the primary windings by these fluxes. 
Since the fluxes are (»qual, the E.M.Fs. will be proportional to the numlier 
of turns in each winding, and therefore the E.M.F., induced in 7?, w'ill 
only be 86*6 per cent of that K^, induced in the two half -sections of A, 
Moreover, these E.M.Fs. have a phase difference of 90°. 

Taking the positive directions of these internal or induced E.M.Fs. as 
those marked by the arrows in Fig. 190, and neglecting the resistance and 
reactance of the primary winding, the resultant internal E.M.Fs. between the 
terminals 1, 2, .3, of the three-phase side are 

^1-2 — ^'B “ -^2-3 Fa.* Fs 1 “ ^Fa ~ Fb 

Fixpressing these quantities symbolically, and taking Eg as the quantity 
of n'ference, we have 

Fb (1 + JO) = E^iO‘866 -f- jO ) ; -- EJO - jJ) 

Ej 2 Fb ~ ^ ^A {0‘866 jO'S) 

F 22 = Jhio-Ji) 

Fzi = - i^^A ~ Fb ®A (“ 0 866 - jO-5) 

WheiicM^ the magnitudes of those E.M.Fs. are given by 
^1-2 + 0*8f>02) -= E^, 

E2.3 = E^f 

= E^V(0'52 f 0-8662) :^.= E^ 

and their phase differences with respect to Eg are given by 

.2 = tan'M- 0-.5/ 0-866) =-- 30°, 

^2-3 = tan’^ _ 1 ^0 - 90®, 

f/;3i =- tan-»(~-0-r>/ 0-866) 150°. 

'^rherefore the internal E.M Fs. between the terminals 1, 2, 3, of tlie three- 
phase side are equal to one another and have a mutual phase difference of 
120°. Tlius the symmetry and balance of the thrw-pliase supply system 
are not affected. 

A vector diagram sliowing the induced E.M.Fs. and fluxes is given in 
Fig. 190 (c), in which th<^ vectors OF] . OV .^ . s, OF3 . 1 represent the line 
voltages of the three-phase system; OIq^, the magnetizing cur- 

rents (which are lagging 90® with respect to the corresponding phasie volt- 
ages of the three-phase system) ; OF^, OFj^, the ampere-turns supplied by 
the magnetizing currents ; OO^, 04>j,, the fluxes due to the magnetizing 
arnpere-turns; OE.], OE^^* and OE31, OEj,2, the E.M.Fs. induced in the 
primary and secondary windings of the two transformers. 

If the fluxes are to remain constant when the two-phase side is loaded — 
which will be the case if the three phase supply voltage is constant arid the 
resistance and reactance voltage drops in the primary windings are negligible — 
the magnetizing ampere-tums must remain con.stant, and therefore the 
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ampere-turns duo to the load currents iii the secondary windings must be 
balanced by an equivalent number of ampero-turns in the ]jnTnary windings, 
the vector sum of the ampere-turns in primary and secondary windings being, 
in all cases, equal to the magnetizing ampere- turns. 

The conditions for balanced loads are represented in the vector diagram (d) 
Fig. 190, in wliich the magnetizing ampore-tums are represented by the 
vectors ; the load currents by 0/j, 01^^ ; the secondary ampere- 

turns by OF ^ 2 * primary ampere-turns by which 



Fig. 190. Cibcuit and Vectob Diagrams for Soott’s Method of 
Supplying a Two-phase Load from a Three-phase System 
(a) Transformer Coniicclions ; (6) Conventional Circuit DiaKium ; (r) Vector Diaynim 
for No-load ; (d) Vector Diagram for Balanced Loads. 

The effects of losses and magnetic leakiige are ignored in the vector diagrams. 


have a phase difference of 90®. The jirirnary current of transformer B is, 
therefore, represented by thr» vector O/j. 

The xjrimary ampere-turns' of transformer A are duo to the currents in 
the half-sections of this winding, and these currents are supplied from linos 
2 and 3 of the threo-phase system. Heniie if OF^i is resolved into vectors 
Ocy Ody 60® apart and each equal to \OFf^y then Od will represent the 
ampore-turns due to the current in line 2, and Oc reversed, i.o OJ will repre- 
sent those duo to the current in line 3. Since the angle between OF^^ and 
OPt, is 90®, the vectors Oe, OJ will have a mutual phase difference of 120° 
with respect to the vector OF^^. Hence if these ampere-turn vectors aro 
converted into the current vectors OJj, O/j, then each of these vectors will 
be found to be equal in magnitude to the vector 0/,. 

Therefore, with balanced loads on the two-phase side the currents on the 
three-phase side will also bo balanced. 

In order to maintain these balanced conditions in transformers of the 
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“ core ” type, the coils forming the two half -sections of the primary winding 
of transformer A must be interlaced, or sandwiched, in order that each part 
of the magnetic circuit may be acted upon equally by the joint M.M.Fs. due 
to the two phases of the three-phase system which supplies this transformer. 

Moreover, if the magnetizing ampere-turns are neglected, and if 
say — i.e. the voltage across each phase of the two-phase side is equal to tlie 
voltage between the line wires of the three-phase side, the effects of resistance 
and reactance of the windings being neglected —and is the current in the 
primary windings, we have 

I^N ^ 0-866/iN 

whence, = /j/0-866 ^ = M6/,. 

Tliis, then, is the numerical relationship between the currents in the 
primary and secondary windings when the loads are balanced and the 
magnetizing current is ignored. 

Wave-form Distortion in TmiEE-FHASE Transformers* 

In Chapter XV it is shown that when iron is magnetized by alternating 
current, and the flux density is carried beyond the straight portion of the 
magnetization curve, the wave-form of the magnetizing current differs from 
that of the flux. In general, to obtain a sine wave of flux, the magnetizing 
current must contain third, fifth, and higher harmonics, the third being the 
most prominent. 

Star-star Connected Single-phase Transformers. If three single -phase trans- 
formers are star-connected on both primary and secondary sides, and are 
excited from o. three-wire three-phase system giving a sine waVe voltage, no 
third harmonic can be present in the magnetizing current because of the star 
connection. The flux wave-form, therefore, cannot be a sine wave but must 
be flat- topped. Similarly, the wave-form of the induced E.M.Fs., due to the 
flat-topped flux wave-form, will be peaked, indicating the presence of third 
and other harmonics. Hence, third harmonics will present in tlie phase 
E.M.Fs. of both primary and secondary windings, but will not appear in the 
wave-forms of the terminal voltages. Therefore voltages of triple frequency 
exist between the neutral point of each winding and the natural neutral point 
of each system (e.g. the neutral point of the (star-connected) generator or a 
group of balanced star-connected resistances connected to the line wires as 
shown on p. 306). 

If, then, such a star-star transformer is used as a step-up transformer to 
supply a high-voltage transmission system and the neutral point of the 
secondary (i.e. higVi-voltage) winding is earthed, the capacitance of the system 
will cause triple-frequency currents (and also currents of higher frequency if 
any multiples of the third harmonic, e.g. ninth, fifteenth, etc., are present in 
the phase E.M.Fs.) to circulate between the line wires and the eartlied neutral 
point. Such currents are liable to cause trouble with telephone and similar 
circuits. 

Star-star Connected Single-phase Transformers with Tertia^ Windings. If 

each of the above transformers is provided with an additional secondary 
winding of low impedance (called a tertiary winding) and these windings are 
delta-connected, the triple frequency E.M.Fs. will produce a circulating cur- 
rent of triple frequency which will, therefore, supply the thi^i harmonic com- 
ponent for the magnetizing current. In consequence, the flux will be approx- 
imately sinusoidal, and no triple -frequency E.M.Fs. will appear in the phase 
E.M.Fs. of the star-connected windings. 

Oscillograms. Practical confirmation of the above phenomena may be 
obtained by means of an oscillograph, and examples of oscillograms are 
shown in Figs. 191, 192. 

* Chapters XIV and XV stiould be studied before reading this section. 






Fig. 191. Oscillograms of No-load Voltages axd Currents in 
Three Single -phase Transformers 


Connected Star/St»r, supplied at Constant Voltage, from a Three-phase 

System 


(a) Supply voltage (F,) and secondary line voltage (F»); (0) Supply voltage (F,) 
and exciting current (Jc); (c) Supply voltage (Fi) and primary phase voltage (X’l); 
(li) Supply voltage and secondary phase voltage (/?,). (Mote. The line and phase 
voltages are shown to dilferenl scales.) 



Fig. 192. Oscillograms of Voltages and Currents in Three 
Single -PHASE, Three -winding Transformers 


Supplied, at Constant Voltage, from a Throe-phaso System 
Primary and Secondary Windings Star-connected 
Tertiary Winding arranged for Delta Connection 

(a) Supply voltage (Fj) and voltage (L\) in oi»encd delta of tertiary winding; (If) 
Supply voltage (Fi) and current (/.) in closed (delta-connected) tertiary winding; 
(c) Supply voltage (Vj) and no-load secondary phase voltage (Eg) tertiary windings 
closed; (d) SupT>ly voltage (FJ and excising current (/o), tertiary windings closed 
[Note. Fig. 191 (6) shows the exciting current with opened tertiary wlndingsl; (e), 
(/) Supply voltage (Fi) and voltage (Fo) betw’peii neutral point of secondary winding 
and neutral point of a balanced star-conneeted load supplied by secondary, with 
tertiary windings open (e) and closed (/). 
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The oscillograms of Fig. 191 refer to three ordinary star-star connected 
transformers, and show the wave-forms of (a) the line voltages, (6) the excit- 
ing current, (c) the primary phase voltage, {d) the secondary phase voltage. 
The triple -frequency component in the phase voltages is quite apparent. 

The oscillograms of Fig. 192 were obtained on the same transformers, with 
the addition of a tertiary winding on each, these windings being arranged for 



Fig. 193. OsciLnoGiiAMS of Voltages and No-load Cukrents in 
Core -TYPE Three-phase Transformer Supplied at Constant 
Voltage 


(a) Supply voltage (F,) and exciting current (/o), star/Htar connections; (/>) Supply 
voltage (Fj) and exciting current (/o), Btar/delta connections; (c) Supply voltage 
(F,) and secondary line voltage (Pi), siar/star connections; (d) Supply voltage (P,) 
and primary phase voltage (A’,), atar/stur connections, no load; (e) Supply voltage 
(F,) and no-load secondary pliase voltage (fid, st-ar/star connections; (/) Supjily 
voltage (Fi) and voltage (Fqi) between neutral jKunts of primary winding and 
Imlanced star connected load connected to supply system, star/star connections, 
balanced load connected to secondary; (g) Supply voltage (Fd and voltage (F„,) 
between neutral points of secondary winding and balanced star-oonnected load 
sup])licd by aeconclary • star/star connections; (A) Sui»ply voltage (F,) and resultant 
voltage (fij -I- Ell + "’ill) delta-connected secondary winding, star- 

connected primary. 

/ 

delta connection. They show the wave-forms of (a) the resultant K.M.P\ in 
the open-delta tertiary winding; (6) the current in the closed tertiary wind- 
ings ; (c) the secondary phase voltage ; (d) the oxciting current ; (e) the volt- 
age between the neutral point of the secondary windings and the neutral 
point of a balanced star-connected load on the secondary, the tertiary wind- 
ings being open; (/) the voltage between these neutral points for the same 
load currents, but with the tertiary windings closed. 
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Delta-delta Connected Single-phase Transformers. In this case the delta- 
connected windings provide a closed circuit for the circulation of triple -fre- 
quency currents. Therefore a sine wave of flux is obtained with sinusoidal 
applied voltage. 

Delta-star and Star-delta Connected Single-phase Transformers. These con- 
nections are particularly suitable for transmission circuits ; the delta-star con- 
nection being used at the generator end of the line for stepping up the voltage, 
and the star-delta connection being used at the load end of the line for steppmg 
down the voltage. In both cases the third harmonic component of the 
magnetizing current can circulate in the delta windings, and therefore no 
E.M.Fs. of triple frequency will appear in the phase voltages. If, however, 
fifth, seventh, etc., harmonics are present in the primary voltage of a star- 
dolta transformer, the wave-form of the secondary voltage will differ from 
that of the primary voltage, e.g. if these harmonics cause the primary voltage 
to be dimpled the secondary voltage will be peaked, and vice versa. 

Star-star Three-phase Ttansformer. In a three-phase transformer the 
M.M.Fs. of the individual phases act upon interlinked magnetic circuits 
instead of isolated magnetic circuits, when a bank of single-phase transformers 
is employed. Hence, with the usual three-limbed core, the fluxes in the cores 
will be practically free from third harmonic components, because of the high 
reluctances of thoir magnetic paths. Thus, since any third harmonic com- 
ponents of the core fluxes will be in phase with one another, their return 
paths must be through the air space between the yokes. Therefore the wave- 
form of the phase-voltage voltages will be practically free from tViird harmonic 
components. 

Fig. 193 shows oscillograms taken on such a transformer. 



CHAPTER XIV 

COMMERCIAL AND NON-SINUSOIDAL WAVE-FORMS 

In the preceding chapters sinusoidal currents and voltages have 
been considered almost exclusively to enable the fundamental 
principles of alternating-current circuits to be deduced in a simple 
manner and to allow graphical methods to be applied to the solution 
of problems. Although the sine wave is the ideal wave-form and 
is closely approached in modern alternators operating at no-load, 
the load conditions in generators and commercial circuits frequently 
cause considerable deviations from the sine wave. It is necessary, 
therefore, to consider some of the causes of wave distortion and 
the manner in which the relationship between current and E.M.F. 
is affected by this distortion. 

Equation to a Complex Wave. By the application of Fourier’s 
theorem, any single- valued* periodic function can be completely 
expressed by a series of simple harmonic functions (i.e. sine curves) 
having frequencies which are multiples of that of the complex 
function. These simple harmonic functions are called the harmonics 
of the complex function ; the function which has the same frequency 
as the complex function is called the first harmonic, or the funda- 
mental ; that of double frequency, the second harmonic ; that of 
triple frequency, the third harmonic, and so on. For example, in 
the case of a complex wave the fundamental (e^) may be represented 
by 

ei = sin(<w< + a,) ; 
the second harmonic by 

«2 = ^ 2 m sm(2co< -f Ug) ; 
the third harmonic by 

^3 = sin(3ct>< + Us) ; etc., 
and the complex wave may be represented by the equation 

e = sin{(ot -f Oi) -f Ezm sin(2m^ + Oj) + E^^n sin(3co<-f a 3 )-f .. 

where ^2m> E^mi • • • denote the maximum values, or ampli- 

tudes, of the f^st, second, and third harmonics respectively, and 
«!» a 2 » ^8 • • • denote the phase differences with respect to the 

• A single- valued function is one in which the dependent variable has only 
one value for each value of the independent variable. 
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complex wave (i.e. the angles between the zero value of the complex 
wave and the corresponding zero values of the harmonic waves). 

The number of terms in the scries depends on the shape of the 
complex wave. Under certain conditions the number of terms may 
be indefinite, but under other conditions only a few terms may be 
involved. Again, the series may contain both even and odd 
harmonics, or only, alternatively, odd or even harmonics. 

Shape ot Complex Wave Containing only Even Harmonics. A 
complex wave containing only even harmonies is unsym metrical, 



Fig. 194 . Wave-forms Containing a Fundamental and a 
Second Harmonic 

(o) Second luirmnnic In pha‘<c with fundamental ; ainplitnde 20 per cent of that of 
fundamental, (b) Second harmonic leading fundamental l>y 90“ ; amplitude 10 per cent 
of tliut of fundamental. 

i.e. the shape of the curve when rising positively from a zero value 
differs from that when rising negatively from another zero value. 
For example, in Fig 194 , which shows complex wave-forms con- 
taining a fundamental ahd a second harmonic, if the negative half- 
cycle be reversed in sign and plotted, as shown dotted, above the 
horizontal axis, the dissimilarity in the shape of the two half- 
waves is emphasized. Observe that the two half-waves may have 
dissimilar shapes, as shown in the wave-form (6) 

The analytical proof of the asymmetry of a complex wave 
containing only even harmonics is as follows — 

Let the ordinate at any abscissa, (ot, in the positive half-wave 
be given by 

«i = E^nSin{cot -f- aj+ + 03)+ 2(^4^ sin ( 4 a)/ -f 04) -f. . 
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The corresponding ordinate in the negative half-wave is obtained 
by substituting (oyt -f- tt) for o)/ in the preceding equation, and is 
therefore given by 

eg = 8in(co^ + -f- a^) + E^m sin[2(ru^ + tt) + Ug] 

+ E^^ sin[4(a)< + tt) + 04] + . . . 

~ - sin(aj^ + Qi) + sin(2a>^ Og) 

+ E^^ sin{4co£ 4- 04) ~f . . . 

~ - [Ei^ mi{wt -1“ Oi) - E2m sin(2co^ + Og) 

-E^^8in(4a)t + a^) - • ■ .] 

Hence the ordinate at abscissa (cot -f tt) is not equal to the oidinate 
at abscissa ojt. 

Shape of Complex Wave Containing only Odd Harmonics. A 

complex wave containing only odd harmonics is always symmetrical, 
the nt'gative half-wave being an exact reproduction (with the 
reversed sign) of the positive half-w^avc. Examples arc shown in 
Figs. 1, 3, . . . 

The majority of the weaves met with in alternating-current 
engineering are of this type, because of the symmetrical construction 
of the licild magnets and the armature coils of alternating-current 
generators. Ev(m harmonics, however, may also occur (in addition 
to the odd harmonics) under certain conditions of loading, and may 
also be produced when certain classes of apparatus (e.g. arc lamps, 
and electromagnetic apparatus working with an unsymmctrical 
magnetization curve or loop) are connected to thf^ circuit. 

The analytical proof of the symmetry of a complex wave 
containing only odd harmonics is as follows — 

Let the ordinate at abscissa (ot in the positive half-wave be 
given by 

~ ^i'lm sin (to/ + Qj) 4- sin(3to/ 4- Qg) 

4 - E^^8m(5cot ■+ Og) d . . . 

Thtui the corresponding ordinate in the negative half-wave is 
given by 

eg = E^^ sm(co/ 4- tt -H a^) + E^^ sinL3(to/ -|- tt) + Ug] 

4- E^^ sin[ 5 (G>/ 77) 4- 05] + • • ' 

= - E^^ sin {o)i -f a^) - E^^ sin(3co/ + Ug) 

-EQ^8m{5cot 4- Os)" • • • 

= - \E\m sin (to/ 4- oil) 4“ sin(3co/ + Ug) 

4 Ef^^ sin (Scot 4- 05 ) + • • •] 


= -e,. 

20-'(T.5245) 




Fig. 196 . Wave -forms Containing a Fundamental and a Fifth 
Harmonic 

AiRpUtudo ol filth harmonic Is 10 i>er cent of that of fundamental for upper set of wave- 
forms and 20 per cent for lower set of wave-forms. Phase difference between fundamental 
and harmonic is Indicated in the diagrams. 
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Effect of Phase Positions of Given Harmonic on Shape of Complex 
Wave. The deviation of a complete wave from a sine wave depends 
not only on the relative magnitude and order of the several 
harmonics, but also on their phase with respect to the complex 
wave. Fig. 195 illustrates the effect of superimposing a third 
harmonic of given amplitude, but of varying phase, on a given 
fundamental sine wave. Fig. 196 illustrates the effect produced 



Fia. 197. Wave-fobms Containing Fundamental and Pronounced 
Third Harmonics 


Ami)UtU(lc of third harmonic is 75 per cent of fundamental for upper set of wuve-forma 
and GOO per cent for lower set of wave-forms. Phase difference between fundamental and 
harmonic is indicated in tiie diagrams. 


under similar conditions by a fifth, and Fig. 197 illustrates the 
effect produced when the amplitude of the fundamental is small in 
comparison with the amplitudes of the harmonics.*/ 

These illustrations show clearly that the combination of a funda- 
mental with only one or two harmonics may produce a very great 
variety of wave -forms. In many cases the order of the harmonic 


* Complex curves similar to Fig. 197 occur in alternators under sustained 
short circuit. 
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can be ascertained by inspection, but in general a systematic 
analysis, as discussed later (p. 310), is required to determine the 
character of the several harmonics. For the present it will be 
desirable to investigate the manner in which the harmonics affect 
the relationship between current and E.M.F. in the simpler types 
of circuits. 

CuBBENT WaVE-FOBMS IN SiNGLE-PHASE CiBCUITS 

Supplied with Non-sinusoidal E.M.F. 

General. The current wave-form in a circuit, for which the 
constants (i.e. resistance, inductance, capacity) are invariable, is, 
in general, of different shape to that of the impressed E.M.F., and 
only in special cases are the two wave-forms similar. We have 
shown in Chapters III and IV that for circuits containing constant 
resistance, inductance, or capacity, the current due to a sinusoidal 
impressed E.M.F. is of the same frequency as the latter. Hence if 
a number of siniisoidal E.M.Fs. of different frequencies be impressed 
upon the circuit each E.M.F. will produce a current component of 
its own frequency, quite independently of the others. The instan- 
taneous value of the current in the circuit is therefore the algebraic 
sum of the instantaneous currents due to the several E.M.Fs. This 
principle of superposition enables us to determine readily the 
current in such circuits when the equation to the impressed E.M.F. 
is known. 

Relation Between Impressed E.M.F. and Current for Circuits 
Containing Resistance. Let the impressed E.M.F. be represented by 

e = E^^ sm(cof + aj + E^^ sm{cot + Ug) + E^^ sin(c>^ + a^). 

Then, if R is the r(*si.stance of th(^ circuit, the current (i^) due to 
the fundamental (e^) is given by 

^ siii(w< + fli) ; 

that (ig) due to tlie third harmonic (cg) is given by 

»3 = ^ = 8in(3a)< + a,) ; 

that and (i^) due to the fifth harmonic (e^) is given by 

^6 ^Bm ' /K ^ I \ 

t- = ~ = sm(5co/ + Uft). 
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Hence the current (i) in the circuit is given by 

i r= ijj 

'/It \ I ^^3TII • . I » 

= -j^ 8in(ft>< -|- Oj) + sin (3a>< + Qj) 


+ -^8in(6co< + aj (101) 

rhus the wave-form of the current is similar to that of the impressed 
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Wave-foiims of E.M.F. and Cukkent foh Simfle Circuits 
Containing Resistance (P'ig. 198), Inductance (Fig. 199), and 
Capacitance (Fig. 200) 

Example. Lot a non-inductive resistance of 25 ohms be connected to a 
circuit of which the E.M.F. follows the law — 

e = 100 sin 314i + 25 sin 942f + 10 sin 1670i. 

The current in the circuit is given by 

i « sin 314^ + ^ sin 942i -f ~ sin 1670< 

== 4 sin 314i + sin 942« -f 0-4 sin 1670i 

The current curve is shown in Fig. 198. The impressed pj.lVI.P’. curve is 
also shown and a comparison of the two will show that the wave -forms are 
of similar shape. 

Relation Between Impressed E.M.F. and Current for Circuits 
Containing Inductance. Consider a purely inductive circuit of 
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inductance L and negligible resistance. Let the impressed E.M.F. 
be represented by the equation 

e == E^^ sin(co/ + Oj) + E^^ sin( 3 cu^ + a^) + +05). 

Then the current (i’j ) due to the fii‘st harmonic (e^ ) is 


Cj a’ / 1 \ 1 \ 

= -7- sm {(lit + Oi - in) ; 
A j (x)Ij 


that (13) due to the third harmonic (^3) is 

^3 • /o J I 1 \ 

^3 = = 3^- sin ( 3 co^ + ag - In) ; 

and that (15) due to the fifth harmonic (e^) is 

^6 • / j I IV 

r, = 5 a;z 

where Xi(= coL), -X'3(=: 3 ft>L), and X5(= 5(oL) are the reactances 
due to the first, third, and fifth harmonics respectively. 

Hence the current (f) in the circuit is given by 

I =: -j- Ig 

Et E^rn 

= sin {(ot -f* - in) f- 3^^^ sin ( 3 a)/ + «3 “ l'^) 

Er 

+ sin( 5 a)/ + 05-^77) . . ( 102 ) 


Thus each com[)oneiit of the current has a phase difference of 
90 ° (lagging) with respect to E.IVI.F. Jiarmonic to which it is due, 
and, therefore, the wave-form of the current diffcTS from that of the 
impressed E.M.F. It will be observed, however, that the reactance 
due to a given harmonic is directly proportional to the order of that 
harmonic ; hence the curnuit components due to the higher har- 
monics will be very much smaller than those in the case of a circuit 
containing only resistance. 'Accordingly, m an inductive circuit 
supplied with a non-sinusoidal E.M.F. the current wave-form shows 
less distortion than the E.M.F. uxive-form, and the current in such a 
circuit more nearly approaches a sine curve than docs the current in 
a circuit containing resistance. 

Example. Let an inductive coil, of inductance 0'08 henry and negligible 
resifltanoe, be connected to a circuit of which the E.M.F. follows the law — 

e = 100 sin 314f -f 25 sin 9421 4- lOain 1570^. 
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Tlien the current (t) in the circuit is given by 
100 26 
* = sulT^ + giaWo's - i^) 

= 4sin(s314 «- Jtt) + 0-33 sin (942^- irr) + 0*08 sin (1570«-j7i) 

The current curve is shown in Fig. 199. On comparing this with the current 
curve in Fig. 198 a marked difference in wave shape will be noted, the curve 
of Fig. 199 showing considerably less distortion than the current curve in 
Fig. 198. 

Relation Between Impressed E.M.F. and Current for Series Circuits 
Containing Resistance and Inductance. Let the imprensed E.M.F. 
be represented by the equation 

e = ^i^sin(cof + aj) + A’3^sin(3co/ + Og) + 8 in( 5 a)t +05) 
Then the current (i) in the circuit is given by 

E E 

‘ + w^L^) ^{R^ + 

E 

sin{ 3 w< + 03-9:13) + sin (.W I- ae-n) • ('<> 3 ) 

where (pi(^ tan'^ccL/i^), 9?3(= tan ^ 3 a>L//?), 9^5 (= tan ' rywLIR) 
are the phase differences between ilio E.M.F's. and currents due to 
the respective harmonics. 

Observe that these phase differences hav(^ diffc^rerit magnitudes. 

Relation Between Impressed E.M.F. and Current for Circuits 
Containing Capacitance. If an E.M.F. represented by the equation 

e ■= sin (co/ + aj + E^^ sin( 3 mf + 03) + ^ 6 m sin(nwf i Ug) 
be applied to a condenser of capacitance C farads, the charging 
current will be given by the equation 

i 0)0 E^^ sin(cof + Ui + ^tt) + ‘itoC'A’a^jSin ( 3 (uf + Ug + Jtt) 

-f r)(x>CE^„^ sin (rycot + 05 + ^77) . . . . ( 104 ) 

Therefore, in this case, the am})litudes of the currents due to tlic 
higher harmonics arc increased and the current wav(^ will sliow more 
distortion than the E.M.F. wave. Thus the effect of capacitance 
on wave distortion is exactly the reverse to that of inductance. 

Example. Let a condenser having a capacitance of 127*5 microfarads be 
connected to a circuit of which the E.M.F. follows the law — 
e — 100 sin 314f + 25 sin 942i + 10 sin 1570<. 

The charging current (0 ‘U the condenser is given by 

i = 314 X 127-5 X 10-« X 100sin(314/ + ^tt) + 942 X 127-5 
X 10-« X 25 8in(942f + Itt) + 1570 X 127-5 X lO * 

X 10 8m(1570t - 1 - ^tt) 

=« 4sm(314t + ^tt) + 3sin(942i + ^n) + 2sin(l670^ + ^tt) 
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The current curve is shown in Fig. 200. This curve should be compared 
with the current curve in Fig. 199» as the capacitive reactance and the 
inductive reactance for these examples have been chosen so as to give the 
same maximum value of the fundamental in each case. 

Relation Between Impressed E.M.F. and Current for Series Circuits 
Containing Resistance, Inductance, and Capacitance. In the general 
case of a series-connected circuit containing resistance, inductance, 
and capacitance, the current resulting from an impressed E.M.F. 
of complex wave -form (which is represented by the equation 
e = 8m{o)t -f- oj) -f . . . ) is given by 

* -V/C-R** + {^L- l /coC)*] ~ 

+ (3«>L- 1 /3wC)*] a3-9’3) 


+ 




VC-R” + {rHoL-i/5wC)^] 


sin (5m/ + 05-9)5) 


(104) 


where 


9?i — tan ^ 


/(oL 

[Tt 


1 \ 

; 9)3 “ tan*^ 

/ 3 mL 

coCr) '■ 

[A 



/ 5 a)L 


975 = tair^ 1 

[-M 


3u>CJ{) ’ 

.A....] 

HwCMj 


are the phase differences between the E.M.Ps. and currents for the 
respective harmonics. 

The amplitude (Inm) harmonic, say the nth, is equal to 


V -f (ncoL - 1 IncoCf] 


and its phase diff(^rence (9?,,), with respect to the producing 

it, is 


Tn 


— tarr* 


/ no)L 

\~ir 


1 

ruoCR 


) 


Resonance Due to Hannohics. When the angle (97,,) is zero 
(i.c. when ncoL = 1 jncoC) resonance occurs with respect to this 
particular harmonic. Under resonance conditions considerable 
voltages may be produced at the terminals of the condenser and 
the inductive resistance, although the amplitude of the E.M.F. 
due to this harmonic may be relatively small. For example, if 
the E.M.F. wave of a 50-cycle alternator contains a 13th harmonic 
which has an amplitude equal to 1 per cent of the fundamental, 
and this alternator is connected to a series circuit containing an 
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inductive resistance {R = 50., Z/==012H.) and a condenser 
(C = 0*5//F.), resonance occurs with the 13th harmonic (since 
ncjL -= 13 X 27r X 50 X 0 12 = 490, and 1 /tuoC = 10»/(13 X 2n 
X 50 X 0-5) = 490). The maximum value of the current 

due to this harmonic is given by 


T -^13m 

^13m - - lOOii 




100 X 5 


=. 0 002 ^,^, 


and the voltage across the terminals of the condenser due to this 
current is equal to 

0-002£7i^ X 1012/(13 X 27r X 50 X 0-5)2 = 0-98A\^. 

Similarly the voltage at the terminals of the inductive resistance 
is equal to 

0 - 002 i^",^v'L 5 - + (13 X 27 r X 50 X 0 - 12 ) 2 ] = 0 - 98 A\^. 


The actual voltages may be much higher and will depend on the 
relative amplitudes of the fundamental and other harmonics. 

Pressure -rises due to these causes may occur in practice under 
certain conditions. For instance, when an alternator is connected 
to unloaded cables, the capacitance of the latter is in series with the 
inductance of the former, and the conditions may be favourable 
for obtaining resonance with a particular harmonic. 

Experimental Method of Ascertaining Presence of Any Particular 
Harmonic in E.M.F. Wave. The property of resonance may be 
utilized to ascertain the order of the harmonies in a complex E.M.F. 
wave. For this purpose an oscillograph, a variable inductance, 
and a condenser of variable capacitance are required. The induc- 
tance, condenser, a variable non-inductive resistance, and a fixed 
non-inductive resistance, or shunt, for the oscillograph are con- 
nected in series, and the combination is connected to the source 
of E.M.F. to be tested ; the oscillograph being connected to show 
the wave-form of the voltage across the fixed non-inductive resis- 
tance. The inductance and capacitance are adjusted successively to 
values which will give resonance conditions for the 1st, 3rd, 5th, 
7th, etc., harmonics, and a record of the wave-form is obtained by 
the oscillograph. From the shape of the latter the presences, or 
absence, of a given harmonic can be detected by inspection. 

For example, if a particular harmonic is present, the wave-form 
will show this harmonic with a relatively large amplitude, as under 
resonance conditions any other harmonics will have only a very 
small amplitude. Thus if the 5th harmonic is present, the current 
wave-form under resonance conditions will show a wave of quintuple 
frequency superimposed upon a wave of fundamental frequency. 
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Fig. 201 shows a typical set of wave-forms obtained by this method . 
An examination of these shows that the E.M.F. wave-form contains 
6th, 7th, 11th, 13th, 16th, and 17th harmonics. 



Fio, 201. Oscillograms of Gurjiknt and Voltage 

OBCillogramg ghowliiR (a) the E.M.F. Vave-form of a Riven alternator, and the wave- 
forms of current (b) to h in a special resonant circuit supplied by tliis aiternator, tlie 
constants of the circuits being adjusted to give, successively, resonance conditions 
for the 3rd (wave-form b), Gth (c). 7th (d), 11th (e), 13th (/), 15th (g), and 17th (A) 

harmonics. 

Note. The following data give the values of inductance (L) and capacitance (C) in the 
resonant circuit for the several ciurent wave-forms ; also the values of the non-inductive 
shunt (R) to wiUch the oscillograph vibrator was connected. 


Wave-form 

h 

e 

d 

« 

f 

g 

A 

L (henry) 

0-059 

0-059 

0-050 

0-059 

0059 

0-059 

0-059 

C (i/ F.) . 

18-9 

6-9 

3-6z 

1-4 

1-0 

0-76 

0-59 

i2(ohms) . 

0-5 

0-883 

2-22 

5 

15 

20 

35 
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R.M.S. Value of a Complex Wave. Let the wave be represented by 

e = sin(co^ -f- Oi) + sin(3co< -f- Og) + sm(aj< + OgjH- 

Then if the R.M.S. value of this wave be denoted by E, we have 

= - I I sin(<o< + Oi) + E3n sin(3<o( + a^) 

TT J ^ 

4- E^^ sin(5a>^ + 06) + * • • }“ 


^ L r 


\E,J^ sin^ (cat 


4- A’6^2 gin2(5ft)< -f Qg) -f- . . . 

+ 2 Ej^^E^^ sin(cu/ + a^) sin (See/ 4- Oa) 

4- 2 E^^E^^ sin(co/ 4- cti) sin(5co/ 4- «&) 4- • • ■ \d<ut. 


Now, 

and 


r 

r 


sin2(wu>/ 4- an)dcot = Jtt ; 

sin(£e/ 4" 8iri(w€0^ 4- <in)^oji = 0 ; 


provided that n is an integer greater than unity. 

Hence when the above integral is evaluated, all terms involving 
the product of quantities having different frequencies become zero, 
so that 

\ X + (E^m^ X ^Tt) 4' X -W) 4“ • • • { 


= + E2m^ 4- “h • • •) 

and E=^^ 0-707 V(E,J + E^J + E,J 4- • • 0 • • (105) 

Examples. The K.M.S. values of the P^.M.F. and current waves of 
Figs. 198-200 can now bo obtained. 

(1) E,M.F, wave. Fig. 198. 

e — 100 sin 314( -|- 25 sin 942f + 10 sin 1570/ 
which may be written — 

e =- loo sin wt -f- 25 sin 3cw/ + 10 sin 5a>/, 
where cu =31'!. 

Hence, 

= 100, = 25, = 10 

Therefore, 

E = 0-707^(100* 4 - 25* + 10») = 73-2. 

R.M.S. value of fundamental {Ei) = 70-7. 

(2) Current wave. Fig. 198. 

i = 4 sin 314(jut 4* sin 925/ 4- 0-4 sin 1570/ 

Therefore, 

I = 0-707-v/(4* 4 - 1* 4 * 0-4») « 2-93. 

R.M.S. value of fundamental = 0*707 -\/4* = 2*83. 
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(3) Current wave. Fig. 199. 

i = 4 sm(314< - iju) + 0*33 sin(942^ - jTt) -f 0*08 sin( I570e - Jtt ) 

I « 0-707^(4* + 0-33* + 0-082) = 2-84 
R.M.S. value of fundamental = 0*707 y '42 = 2-83. 

(4) Current wave. Fig. 200. 

i =s 4sin(3l4t + Jtt) 3sin(942^ + \n) + 2 8in(1570t + ^tt) 

I = 0-707 V(4* + 3* + 2*) = 3-8 
R.M.S. value of fundamental = 0-707 ^'4* = 2-83. 

(6) An electromotive force, 

e = 2000 sin wt + 400 sin So)^ + 100 sin Beat, 

is connected to a circuit consisting of a resistance of 10 ohms, a variable 
inductance, and a condenser of 30/z F. capacitance, arranged in series with a 
hot-wire ammeter. Find the value of the inductance which will give 
resonance with the triple frequency component of the pressure, and estimate 
the readings on the ammeter and on a hot-wire voltmeter connected across 
the supply when resonance exists, co = 300. {L.U.) 

For resonance to occur at triple frequency we must have 

3coL = 1 l3(oC. 

Substituting numerical values for o> and C, we obtain 
L - 10V(9 X 300* X 30) = 0-0411 H. 


The R.M.S. value of the current is given by 

■®lm 


= 0-707 ^[( 


V + {.. N 

V[.K* + (toL- l/a>C’)'J/ ^ W17<* +(3coi.- I/3<oC’)>]/ 








where E^—, •®6Tn» the maximum values of the fundamental, triple, 

and quintuple frequency components of the pressure. Substituting numerical 
values for these and the other quantities, and noting that, for the given 
conditions, 3cuL- Ij'ScoC — 0, we obtain 


1 =: 0-707 


V [(v[l 


2000 


V[10*+ (300 X 0-0411 -10®/(300 X 30))“J> 
100 


+ (f)' 


■x/ElO* + (5 X 300 X 0-0411 - 10‘/(5 x 300 X 30) )' 


-i)'] 


= 0-707 V(20*16* -f 40* + 2-45*) 

= 31-76 A. 

The R.M.S. value of the supply pressure is given by 

E - 0-707 = 0-707^(2000* + 400*+ 100*) 

= 1446 V. 


Effect of Wave Distortion on Measurements of Inductance and 
Capacitance. Since alternating-current ammeters and voltmeters are 
calibrated to read R.M.S. values of current and pressure, respectively, 
the expression (105) deduced on p. 299 for the R.M.S. value of a 
complex wave enables the readings of the instruments connected in 
a circuit to be calculated when the “ constants ” of the circuit and 
the wave-forms of current and pressure are known. Conversely, 
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the ‘‘ constants ” of the circuit may be calculated from the instru- 
ment readings, but corrections have, in general, to be applied to 
take into account the shapes of the current and pressure waves. 
In the special case of circuits containing pure resistance, however, 
the wave-forms of current and impressed E.M.F. arc similar, and 
therefore the ratio of the R.M.S. values of these quantities will be 
constant whether they have a sinusoidal or non-sinusoidal wave- 
form. Hence the resistance of a non-inductivc alternating-current 
circuit may be determined by means of the ammeter and voltmeter 
method without a knowledge of the wave -form.* In all other cases 
a knowledge of the E.M.F. wave-form is necessary to obtain correct 
results. Thus, consider a purely inductive circuit having an 
inductance of L henries, and let E and I denote, respectively, the 
R.M.S. values of impressed E.M.F. and current as read on 
instruments connected in the circuit. Then 
E = 0-707 + - • ■) 




0-707 


= V {^hfn + i + . . .) 


Whence 
L = 


0-707 


V + I + gV ^brr? + • • •) 



This expression involves a knowledge of the absolute values of 
the amplitudes of the several harmonics in the E.M.F. wave. In 
practice it is more convenient to deal with the relative values of 
these amplitudes, and accordingly the expression for L is modified 
as follows — 

Multiply and divide the right-hand side by E, writing the 
denominator in the form [0'707\/'(EiJ^ -f E^^^ + E^^^ + •••)]» 
thus 

/0-707 N 

^ \ + J + kb 1“ • • •) j 

+ . . o) 

_ 1 -I- j- r. + ■ •_4\ - 

co/VV AV + A’sm* + • • • / 

• The value of the resistance obtained by this method may differ slightly 
from that obtained by a tost using direct current, owing to possible eddy- 
enrrents in the conductors and the non-uniform distribution of current over 
their cross-section when the testing current is alternating. 
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i n + i (E,^IE,^)^ + 4- . . .\ 

co/VV ^ + (E^mlE,^Y+(E,^IE,^f+,,,) 

Now E /col is the apparent value of the inductance obtained from 
the uncorrectcd values of the instrument readings. Hence the 
quantity under the radical is the correction factor by which the 
apparent inductance must be multiplied to contain the true 
inductance. 

Similarly, in the case of a circuit containing pure capacitance 
(= farads), let E and / denote the R.M.S. values of impressed 
E-M.F. and current as read on instruments connected in the circuit. 

Then 

E = + . .) 

I = 0-707Vl(toCA’i„)* + (3«)CA\„)2 + (5(oCE^„f + . . . 

- 0-101wGV(E^J + + 25E,J + . . .) 

Whence 


■ 0-707coV(^i™''‘ 4- 9^3™== + + • • •) 

(o-707ft;AV(^’im* +'9A’3«,“ -I- -f- . ~) 

(0-707 + E,^^ + . . .) 

_ J_ j( + E^J^ + . .. \ 

wE V Ulm* + + 25A’,™2 + . . •/ 

/( 1 -f {Es„IE,„ f + {E,^IE,^r + • • • \ 
coEa/\iT Q{E,„IE,„)^ f 25{E,^IE,„)^ + . . .) 


Observe that the expression for the correction factor differs from 
that for the preceding case. 

For example, if the E.M.F. wave contains 3rd and 5th harmonics, 
having amplitudes of 15 per cent and 10 per cent, respectively, of 
the fundamental, the correction factor for measurements of induc- 
tance is equal to 


JC- 


+ ft {E3mlEim)’‘ + gV, (E^mjEim)^'' 


(1 + (E,„IE,„r + (E, 


JE^. 


.)* 


-7ft 


+ WTy)^+ Wo)^ > 


= 0-985 


Hence the apparent value of the inductance, as obtained from 
the uncorrected readings of the instruments, is about 1^ per cent 
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higher than the true value. Thus the error introduced by not 
taking into account the wave-form is relatively small. 

Similarly, the correction factor for measurements of capacitance 
with this E.M.F. wave-form is equal to 



+ 9 (E,^!E,J'^ 25{E,^IE,^r) 



1 + » + 25(iV’o)V 


= 0-844 


Hence the apparent value of the capacitance, as obtained from the 
un corrected values of the instrument readings, is 15*6 per cent 
higher than the true value of the capacitance. In this case the error 
introduced by not taking into account wave distortion is very large. 

Example. A curront of 50 frequency containing first, third, and fifth 
liarmonics of crest values 100, 15, 12 amperes, respectively, is sent through 
an ammeter and an inductive coil of negligibly small losses. A voltmeter 
connected to the terminals shows 75 volts. What Mdll be the current indicated 
on the ammeter, and what is the exact value of the inductance of the coil in 
henries 'i (C. and G.) 

The R.M.S. current (/) is given by 

/ == 0-707 + W + hm^) 

0-707 ^(100* + 15* + 12») 

=* 0-707 X 101-9 == 72 A. 

Let L = inductance of coil in henries and let r<5pr©sent tlie 

crest values of the first, third, and fifth harmonics of the E.M.F. wave. Then 
the R.M.S. value (75 volts) indicated by the voltmeter is given by 
^ = 75 = 0-707 

^im ~ Fi^IcoL ; 7 ,^ = E^^lSwL ; 7 #^ - 

Hence E = 0-707 -f (37,^w7:.)* + 

== 0-707a>L + 257,^*) 

= 0-707(nL7,^ VLl + + 25(7.^/7,,„)* ] 

Substituting the nmnerical values given above, we liave 

76 = 0-707 X 27t X 50 X L X 100 -v/[l X 9(0-15)* + 25(0-12)*] 

L = 0-0027 H. 

[Note. Apparent value of inductance == 75/(314 X 72) — 0-00331 H. ] 


Power in Single-phase Circuits in which E.M.F. 

AND Current are Non-sinusoidal 

Let the E.M.F. and current waves be represented by the 
equations 

e = sin(co< + a^) + sin(3<o< + a,) 

+ 8in(5w( + aj) + . . . 

i =7i„ sinM -f fli - 9’i) + lim sin(3co< + a, - f,) 

sin (5(ot -4- Oj - (ps) + . . . 
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Then the instantaneous power (p) is given by 

p =z ei = sin (to< + Oj,) sin(w/ + Oj - pi) 

+ ^smhm sin(3<u< + Oj) 8in(3to/ + Oj - 953) + . . . 

+ ^imhm 8in(to< + Oi) sin(3o)« + Oj - 9P3) -f- . . . 

+ ^amlim sin(3<u< + Cg) sin(a>< + Oj - 9^1) + . . . 

and the mean power (P) is given by 

I 1 r" 

P = — I ei deal = — / SE^I^^ sin(to/ + ai)sin(co<+ai - ^’i) 
‘"Jo ‘"Jo 

-f sin(3m/ + ag) sin(3co« 4- Og - 9P3) + . . . 

+ ^imhm sin(co/ + a,) sin(3m< + «s “ T’s) + • • • 

+ l^amhm sin(3(w/ + Og) sin (to< + Oj - 9)1) + . . .\dcot 

Now the integral, taken betwtion 0 and n, of all products of 
different frequencies is zero, and the integral of terms such as 

E„In sin (cut + a) sin(wt a - p) — IttE^I^ cos p.* 
Hence the expression for the mean power reduces to 

P=]- cos 9), + lnEi^I^,„ cos 9^3 

77 

+ COS 9?5 + . . .) 

= COS 9?! ^3m^3m COS 99., + COS 9P5 + • . .) 

= EJi COS 99i + COS 9)3 -i- cos 9?^ + . . . . (108) 


Thus the mean power due to distorted current and E.M.F. waves 
is equal to the sum of the mean j)owers due to the several harmonic 
components. 

Power Factor of Circuits in which Current and E.M.F. are Non- 
sinusoidal. In Chapter IV power factor was defined in two ways : 
(1) the ratio of the mean i)ower to the apparent power, or volt- 
amperes ; (2) th(f cosine of the angle of phase difference between 
impressed E.M.F. and current. Th(5 power factor dehirmined 
according to the first definition is a definite quantity for any 
particular circuit, whether 'the supply E.M.F. is sinusoidal or 
non-sinusoidal. The second definition of power factor, however, 
requires further consideration when the E.M.F. and current waves 
are non-sinusoidal. Thus, with sinusoidal current and E.M.F. 


* Thus, J' -f a) sin(ait -fa - (p)dcot = J [8m(a)t -|- a) sin((y^ 

-f a) cos (p - coB(eot H- a) sin gpjdwt = ^ sin*(wf + a) cos (p dcat - J' 
(sin {cot -|- a) co8(a>^ + a) sin q})dcot ^ cos g?. 
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the phase difference, when the “ constants ” of the circuit are 
invariable, is constant at every instant, but with distorted waves 
the phase difference between the maximum values of E.M.F. and 
current is not necessarily the same as that between the zero values 
of these quantities, since the current and E.M.F. waves may be 
of different shapes. In these circumstances ambiguity may be 
avoided by (employing the term “ phase difference ” (or angle of 
lag, or lead) only in connection with the equivalent sine waves of 
current and E.M.F. (i.e. the sine waves having the same frequency 
and R.M.S. values as the distorted waves*). Hence, if 9?^, is the 
phase difference between these (equivalent sine) waves, then cos 99^ 
will represent the equivalent power factor of the circuit ; i.e. 

cos 9?g =r P lEl, 

where P is the mean power (as measured by a wattmeter or 
calculated from equation (108) and E, I are the R.M.S. values of 
E.M.F. and current, respectively 

Distorted E.M.F. and ChiRRENT Waves in Polv prase 
C mctJiTs 

The method of tn^atment is in general similar to that given 
above for single phase circuits, viz., each harmonic is treated 
separately, and the current or voltage harmonics for the several 
“ j)hases ” of the circuit are compound(‘d geometrically in the same 
manner as these quantities were compounded in the case of simple 
sine waves. 

Elzpressions for “ Phase ” E.M.Fs. Considering the symmetrical 
three-phase system, let the phase ’’ E.M.Fs. be represenU‘d by 
the equations 

c, = «in(m^ + cti) + sin(3a>^ + Oa) 

4- E^^ 8in(5a>^ -f aj + . . . 

== E^^ ainicot + ~ jtt) + E^^ sin(3m^ -f 03 - 3 X §77) 

-f E^^, sin { 5 (ot + 05-5 X Itt) 4 

= Ej^^ sin(m^ 4 «! - jIt^) + sin(3co/ -I- (/g - 3 X ;|7 t) 

-f E^^ sin(5co/ 4 ^ X + ••• 

These, upon simplification, become 

e, == Ei^ sin {(ot -j a,) -f E^^ sin {Scot 4 Ug) 

4 E^^ sin(5a>^ 4 05) + • • ■ • 

• See p. 16 for method of determining the equivalent sine wave. 

9I—(T.5245) 
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sm{a)t + Oi - Itt) + ^zm sin(3co/ + Qa) 

+ A^5TOsin(5ft)^ a^~\- §7r)+ . (110) 

e,„ = sin((»/ + - \7r) + E^^ sin(3ft>^ + 03) 

+ •• ( 111 ) 

= siii(ft>/ + «! + Itt) -t- E^^ sin (360/ + 03) 

+ i!76^sin(5a>/ + a^- §7r) f .(111a) 

Thus all harmonics of triple frequency as well as their multiples 
(i.e. the 9tli, 15th, 21st, etc.) arc equal in all the i)hases of the 
circuit. Further, at, any instant these E.M.Fs, have the same 
direction (i.e. in a star-connected system they are all directed 
either away from, or towards, the neutral point, and in a A- 
connected system they all act in the same direction around the 
circuit). Moreover, all harmonics which are not a multiple of 
three anj displaced 120° from one another, and can be dealt with 
in the usual manne^r. It is to bo obs(‘rvc‘d, however, that these 
harmonics do not have all the same phases rotation as the funda- 
mental ; the phase rotation for the 5th, 11th, 17th, 23rd, 29th, 
etc., harmonies b(*ing opposite to that of the fundamental, and 
that for the 7th, 13th, 19th, 25th, 31st, etc., harmonics being the 
same as that of the fundamental. 

Expressions for the Line E.M.Fs. in a Star-connected Three- 
phase System. Having obtained the equations to the “phase” 
E.M.Fs. the equations to the ‘‘ line ” E.M.Fs. readily follow, thus 

Vi II = e, - c„ = Ei„, I sin {co< + a, ) - sin (w< 4 Oj - §7r) | 

•H -I- a3)-sin(3<w< + a^)! 

+ + aj) - sm(5cu< + a^- jn) (4- . . . 

— 2A\„Jco 8 H2(to< 4- a,) - fw] sin(^ X f7r)| 

4- 2i?s„ |co8 J [2{5a)< 4- a^) - >] sin(i X ,',77) | 4- • • • 

= I iv'3«os(co< 4- «i - i-^) i 
4- 2^g„{ 1^3008(60)^4- as- 577)|4- . . . 

— -^/S^Ein sin(o)< 4 - «! - Jtt 4- I-t) 

4- i?8m sin(5oj< + a^-'itr -}■ In) + . . . | 

= ^yZ\E^„ sin(o)/ 4- «! + i^r) 4- sin(6o)< 

4-a8-j7r) 4- . . . . (112) 

‘'ii-iii = e„- e,„ = sin(o)< 4- a, - Jtt) 

4- sin(5o)/ 4- a* 4- i’r) + • • • i • (113) 
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Uiii-i — ^ 111 “ €| — y'S sin(fi>^ 4- 

+ Esm sin{5cu< + a,- + . . .\ (114) 

Thus in a star-connectcd symmetrical tliree-phase system no 
E.M.F. of triple frequency, or a multiple thereof, appears in the 
line pressures, notwithstanding that these E.M.Fs. may be present 
in the phase pressures. 

If, in the above equations of line E.M.Fs. we replaee {a)t + Jtt) 
by a)t\ which means that time is now reckoned from an instant 30 ® 
in advance of the previous zero, we have 

I’l-n = \/3{A’imSinM'-“i)-^6mSin(5co<'-a5) + •••|(112a) 
*’ii ni = I ^im ain(eol' - a, - Jtt) 

-£'s„sin(6ft)<'-as- ;{ tt) + . . .| . (I13a) 

%i i =" ^ir) 

- ^g„8in(5£0i'-a5- jV) + . . .| . (114a) 

These equations are now similar to those for the phase E.M.Fs. 
except that (1) there are no third harmonic terms ; (2) the signs 
of the fifth harmonics are changed* ; and (3) the factor ^73 is 
introduced. 

R.M.S. Values of ** Phase ’’ and ** Line ’’ E.M.Fs. in a Three-phase 
System. In a symmetrical three-phase system the amplitude of 
any particular harmonic component of the “ phase E.M.F. is 
the same for each phase of the circuit, so that when considering 
R.M.S. values we may denote the Il.M.S. value of the fundamental 
of the phase E.M.F. for each circuit by and the R.M.S. values 
of the several harmonics by E^y E^, E^y etc. 

Similarly, the R.M.S. value of the fundamental of the line E.M.F. 
may be denoted by Fj, and the R.M.S. values of the several 
harmonics by Fg, F^, etc. 

Then, from equations (112), (113), (114), 

V, - V3 E,y V, = V3 E,y V, = V3 E,y F^ - V3 E,,y 

Fis- V3A\3 

The R.M.S. value of the line voltage (F) of the system is therefore 
given by 

V(V+ V+ F,« + . ■ .) 

Similarly the R.M.S. value of the “ phase E.M.F. is given by 

E = + E^^ + E^^ + E,^ + . , 

* The seventh harmonics also have the minus sign. 
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Hence 


f = /(^ 

E V U’i“ 


-f + 


n-:) 


+ AV + A, 2 -1- 
/■5 // + JiV + + ■ . • \ 

“ V + ^6^* + A’,* + . . J 


■:.) 


+ {E^jE.Y + {EJE,r -I- (A’,/Ai)^ + ...J 

Thus in the case of distorted E.M.F. wave forms the value of the 
ratio of the “ line ” and “ ])has(i ” E.M.Fs. is not the same as that 
(\/3) when the E.M.Fs. are sinusoidal. An exception occurs, how- 
ever, when the third harmonic and its multiples are not present in 
the phase E.M.Fs, 

Example. If the phase E.M.F. of a star-connected, three-phase alternator 
contains first, third, fifth, seventh, and ninth harmonics of amplitudes 100, 
13, 5, l-.^, 1, respectively, the ratio (line E.M.F. /phase E.M.F.) is 
1 -M5/100)M- (1-5/100)2 -h 


vV(i- 


lOO)*}' 


1-732 X 0-9915 


+ (13/100)* + (6/100)2 + (1-6/100)2 + (1/100)2 

1.717. 

If, however, the third and fifth harmonics are 30 per cent and 10 per cent, 
respectively, of the fundamental, the ratio (lino E.M.F. /phase E.M.F.) is 

// 1 -f (10 /1 00)*+ ( 1-5/100)2 -f . . . \ 

^ V\1 4- (30/100)2 -f (10/100)2 + (1-6/100)2 + (l/lOO)*/ 

= 1-732 X 0-9583 


= 1 - 66 . 

In f-he former case, which is taken from actual practice, the ratio of the 
“ line ’* and “ phase ” E.M.Fs. is 0-87 per cent less than the value for sinu- 
soidal waves, while in the latter case, which represents excessive wave 
distortion, the ratio is 4-15 per cent less than the value for sinusoidal waves. 

Circulating Current in Delta-connected Alternator in which E.M.F. 
Wave is Non-sinusoidal. Consider the ca.so of an alternator in 
which the phase E.M.Fs. are symmetrical and represented by the 
equations 

sinM + Oi) + sin(3a>^ + a^) 

. + ^5^sin(5ft>^ + a^) + ... 

^11 = ^im sinM + Oi - Itt) + sin(3ft>< + ag) 

+ ^bm sin(5cu^ + CLg + §77) + ... 

«in =" sinM + ai - jStt) + sin(3co/ + as) 

+ ^6m sin(6a)« + 05 + ^77)+ ... 

Then the resultant E.M.F. acting in the delta-connected armature 
winding is 

+ e^jj = 3J^3^ sin (Scoi + Ug) + ^E^^ sin(9coi + Uq) 

-f Binil.W + Oig) + . . • 
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Hence, if is the resistance per phase and L the inductance per 
phase of the armature winding, the circulating current (i\j) due to 
the resultant E.M.F. is 

. 8in(3co^ + 03) 8in(9ci>^ + Og) 

^ 3VCR*+lla^I^ 

3^15^ sin ( 15 ci>< 4- Qi s) , 

+ 225 ( 0 ^ 1 ^)"^ • • • 
sin(3tu< + 03 ) 8in(9co/ + a#) 

” V(JJ2 +'9a)22>j + V(B* + 

I ®in(15<ut + Cjs) 

+ 226 tt)'»L 2 ) ■*■•■• 

and its R.M.S. value is 

1, = 0-707V -f + 81«W) 

+ + . . .] 

Example. A Ihi-t'o-pluiHO 5()-oy(5lc) altornaior haw a delta-eoTinpctod arma- 
ture for whiidi the rosistanco and induotanoo per phase are 0-02/> fl 

and 0-4 tuH. respeetivoly. Tlio no-load E.M.F. wavo-forrn contains tliird, 
ninth, and fifteentli liarnionics (together with others) which have amplitudes 
of 4 per cent, 2 per cent, and 1*5 per cent of that of the fundanusntal. Calcu- 
late the circulating current at no-load when the excitation is such that the 
amplitude of the fundaTiiental of the E.M.F. is 850 volta. 

The reactance per phase (foL) at 50 frequency 

= 314 X 0-4 X 10-® ==: 0126n. 

Hencii, for the 3rd, 9th, and 15th harmonics wo have 

- 0142^.; - 1-28 Q. ; 225n)^L^ -- 3-55 U., 

wlience the values of the corresponding (impedance per phase )* are 
= 0 1426 n. ; R^ -f SUo^L^ -= 1-2806 £i. ; 

-p 225to2L2 = 3-55 LI. 

TJie maximum values, or amplitudes, of the E.M.Fs. duo to tlie 3rd, 9lli, 
and 15th harmonics are 

= 0 04 X 850 - 34 V. ; - 0-02 X 850 17 V. ; 

^'i6m X «S0 - 12-7 V. 

Hence 7^ = 0-707 V [(34V0-1426) + (172/1-28) + (12-72/3-55)] = 64-8 A. 

Power in Three-phase Circuits in which the E.M.Fs. an^ Currents 
are Non-sinusoidal. The total power in a polypliase system in 
which the E.M.Fs. and currents are non-sinusoidal is equal to the 
algebraic sum of the power supplied by the several harmonic 
components of the current and E.M.F. Hence in the case of a 
three-phase, three-wire system with balanced loads we havtj 

P = y'3. Fj/i cos <pi -|- F 5/5 cos 9?5 

+ cos 9?7 + 


(156) 
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where F,, Fg, F,, . . . /j, /g, • denote the line voltages and 

currents, respectively, due to the several harmonics. 

In the case of a four- wire system, the neutral wire provides a 
path for the circulation of currents of triple frequency and multiples 
thereof. The power is therefore given by 

P ==. \/3.Fi/i Ti + cos 9?3 4 VS-Fg/g cos <p^ 

\/3. F 7/7 cos -f- ... . (1»>7) 

which is greater than that in the corresponding three-wire system 
by the amount of the power due to the third harmonic and its 
multiples. 

Harmonic Analysis 

General. Tlui process of determining the magnitude, order, and 
phase of the several harmonics in a complex periodic curve is calh^d 
harmonic analysis. The analysis may be effected by analytical, 
graphical, or mechanical methods, the mechanical miithod involving 
the use of a special instrument called a “ harmonic analyser.’’ 

All methods of analysis are based ui)on Fourier’s theorem, which 
8 tatt‘s that any single- valued complex periodic function can be 
resolved into a series of simjde harmonic curves, the first of which 
has a frequency equal to that of the complex function. Thus, if 
yo demotes the magnitude of any ordinate at abscissa 0 of the 
complex curve, then, generally, 

Vo =■= ^'0 + sin(0 + Oj) + sin (20 + a^) 

+ F3sin(30 -f Qg) + . . . 

where Fq, F^, F.^, . . . are constants, and a^, Og, Ug . . . are 
the phase differences of the harmonic components with n'spect to 
th(i complex wave. The constant F^ is required only in cases 
where the mean value of the ordinates for a cycle of the complex 
wave is not Z(^ro. Heiic<i if the reference axis is so drawn that the 
mean value of the ordinates for a cycle is zero, the equation to the 
curve is given by 

ye = Fj sin(0 + Uj) + P 2 ain(20 + a^) 

+ F3sin(30 + a 3 )+ (158) 

and, when only odd harmonics are present, we have 

t/a = sin(0 + Ui) + ^3 sin(30 + a^) 

-fFgSin(50 + ag)-f (158a) 

This equation is representative of the complex E.M.F. and current 
waves which are met with in alternating-current work. 
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The number of terms which may be necessary to express the 
function w^ith absolute exactness depends upon the extent to which 
the complex curve deviates from a sine curve. 

The number of terms to be included in the analysis depends on 
the degree of accuracy desired. For commercial purposes analysis 
as far as the fifth harmonic is generally sufficient, as the principal 
harmonics which occur in alternating-current systems are the third 
and the fifth. In special cases it may be desirable to carry out the 
analysis so as to include harmonics of the 17th, or higher, orders. 
These higher harmonics occur principally in generators and are 
due to magnetic pulsations ; their amplitude is usually very small 
in comparison with that of the fundamental. 

Analytical Methods of Analysis. With these methods the con- 
stants Fj, Fg, . . . , and the phase angles 0 ^, 03 ,. . . , are obtained 
indirectly. Thus, since siri(0 -fa) — sin 0 cos a + cos 0 sin a, each 
term of the series 

1 /g sin(0 + ai) + F-j sin (30 -j- n^) 

-! /’t 8111(50 + Oj) H ... 

can be expri^ssed as tlu* sum of a sine and cosine term. 

Effecting this transformation, we hav(^ — 
yQ = sin 0 cos + F^ sin 36 cos Ug 

“ 1 “ F^ sin 56 cos Og . . . 

+ COS 6 sin + F^ cos 36 sin ag 

- 1 - Fg cos 56 sin ag + (1586) 

Substituting for F^ cos a^, A^ for F^ cos Og, etc. ; for F^ sin a^, 
for F^ sin ag, etc., w(^ have 
y A ^ sin 6 -]- A.^ sin 36 + A^ sin 56 -f . . . 

+ By^ cos 6 t- /ig cos 36 + B^ cos 56 + . • • • • (159) 

Hence A^ + B^“ ~ + F^ sin^ F^^, 

Whence F^ =- + ^i") 

Similarly F^ = + ^ 3 “) J + ^6^) i 

Also A I = Fi cos /Fi sin = cot 
Whence = taii'^ B^ jA^^ 

Similarly Og = tan*^ ^ 3 1^3 i ' 

Qg = tan-^ ^ 6 A '^6 i ^tc. 

The coefficients A^, A^, A^, . . . , ^ 1 , Bq, B^, . . . , are best 
evaluated by a summation, or integration, process, and the labour 
may be shortened considerably by suitably selecting the ordinates 
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and grouping the terms as shown later. The summation process 
is based upon the following theorems of the inh'gral calculus — 


7 sin2 dO — in 
0 

r ( ^ when n ) 

sin mO sin nO dQ ^ ^ rA, 

( 0 when m 0, n = <1 ) 

J cos2 d dd ~ in 

n ^ wh(ui rrir^ n ) 

I cos mO cos nO do = j , ^ ^ ^ f 

J ( n when m = 0, w 0 ) 

pn 

I sin md cos nO dO = 0 

^ o 


(160) 

(161) 

(162) 

(163) 

(164) 


where m and n are any positive integers. 

For instance, to evaluate multiply equation (159) throughout 
by sin 6 and integrate between the limits 0 and tt,* thus 


f (ijq sin 0)d0 — f | sin^ 0 + ^^3 sin 30 sin 6 

Jo Jo 

+ A^ sin 59 sin 6 . 

+ 5v cos 0 sin 0 + i^3 cos 30 sin 0 
+ Bfi cos 50 sin 0 . . .\d0 

= In A 3 

Hence 

1 

Ai^ 2 X — I {y^ sin 0) dO 

^ o 

= 2 X mean value of ?/^^sin 9 for the half p(*riod. 
Similarly, 

J3 = 2 X mean value of y^sin 30 for the half period. 


— 2 X mean value of yo cos 0 for the half period. 

ZJg = 2 X mean value of cos 30 for the half period. 

Method of Summation with Ungrouped Terms. The mean value 
of y^ sin 0 may be obtained simply by dividing the half period into 
a number of equal parts (the number of parts depending upon the 
accuracy desired), by means of ordinates erected at equidistant 
intervals, the first ordinate being erected at abscissa zero ; 

• With wave-forms in which the two half-waves are symmetrical, only one 
half of the wave need be considered in analysis. 
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multiplying each ordinate by the sine of the angle corresponding 
to the abscissa ; adding the products and finally dividing the sum 
by the number of intervals. 

The mean value of the other products — y sin 36, y sin 66, etc. — 
is obtained in a similar manner, except that the ordinates are 
multiplied by sin 36, sin 56, etc., instead of sin 6. 

For example, if the half period is divided into six equal parts 
by ordinates erected at abscissae 0°, 30°, 60°, 90°, 120°, 160°, 180°, 
and the values of these ordinates are denoted by y#, y^, y^, y^, 
yi 2 o. yiso. ^ 180 . respectively, then 

= 2}i(y3o sin 30° + y#, sin 60° + y^ sin 90° + yj^osin 120° 
+ yiso sin 160° + yi8o sin 180°) | 

Similarly 

^3 = 2 J J(y 3 p sin <.)0° + y^j sin 180° + y,, sin 270° 

-h yi 2 o sin 360° + yijo sin 450° 

-f yisosin 540 °)( 


^1 = 2 1 J (yao cos 30 ° + y^ cos 60 ° + y go cos 90 °-|- Vno cos 1 20 ° 
-I- yi 60 oos 150° + yi8o cos 180°) | 

■^^3 2 1 i (yao cos 90° + ygo cos 180 ° f y^ cos 270 + yijo cos 360° 

-1- yi5ocos450° + y,8o cos ]80°)| 

On the assumption that alJ harmonics present in the wave-form 
have been included in the analysis, a check upon the accuracy of 
the calculations may be obtained by the application of the following 
rules* — 

(1 ) Ordinate at 90 -- + A^ - A^ + . . . 

(2) Ordinate at 0° =:= ~ iig + ^6 + -^7 + • • 

Example. Analysis of E.M.F. wave (Fig. 202) for odd harmonics up to, 
and including, the fifth. 

The half -period is divided into twelve equal parts by ordinates erected at 
abscissa} 0®, 15®, 30®, etc., the values of the ordinates being as follows — 

Abscissa 0® 15® 30® 45® 60® 75® 90® 105® 120® 136® 150® 165® 180® 

Ordinate 0 24-651 84-2 126 171 191-5 180 152-3 119 82 41 0 

The calculations are best carried out in tabular form and are 
given in Table VII. 

* y»o ~ Aj sin 90® 4- .4aSin(3 X 90)® + A5sin(5 x 90)® . . ' 

-f cos 90® + BjCos(3 X 90)® + B^cos{^ X 90)®-f . . . 

^ — Ag -j- Ag — , . . 

« Ai sin 0® -f Ay sin 0® -f Ag sin 0® -f- . . . 

-f Bi cos 0® -f B, cos 0® + Bg cos 0® + , . 

= B, 4- Bg + Bg -f- . . . 



Analysis of E.M.F. Cukve Up to Fifth Harmonic 
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Summation Methods Employing Grouped Terms. With these 
methods the A and B coefficients are obtained by so choosing the 
number of ordinates that certain terms may be grouped together 
to enable the multiplication operations to be effected upon an 
assemblage of terms instead of upon individual terms. By these 
means the labour involved in the summation is shortened con- 
siderably, but in certain cases — chiefly those in which the analysis 
includes only harmonics of low orders, and the number of ordinates 
is relatively small — the accuracy is not equal to that of the longer 
methods in which a relatively large number of ordinates are 
employed. The accuracy of 
the shorter methods, how- 
ever, is usually sufficumt for 
commercial purposes. 

In the method due to 
Runge and Thompson the ^ 
number of intc^rmediate ordin- 
ates in the half -period of the ^ 
wave to be analysed is chosen 
equal to the order of the 
highest harmonic required, 
and these ordinates are treated 
in supplemental pairs, the 
sum and difference of each 
pair being dc^termined. The 
sums contain only A, or sine, 
coefficients and the difl[erenccs 
contain only B, or cosine 
coefficients.* The terms are then gi’ouped so as to avoid repetition 
of tlie multiplication oi)erations, spc^cial groupings being possible 

♦ Thus, 

y -f 2/(7r.<?) sin d sin 30 -1- sin 50 4- . 

-f Bi cos 0 -f- ^8 cos 30 -f- i?6 cos 50 -f . . . J 
+ lAi sin (tt - 0) 

+ sin 3(7r - 0) -}- ils sin 6(Tir - 0) -f 
+ COS(7t- 0) + COB 3(rT -0) 

-f 2?gCos5(7r-0) 

= 2^1 sin 0 -h 2Xg sin 30 + 2A^ sin g0 + . . . 

VQ - yiir^e) — Ml 0 -f .4, sin 30 + • • • + ^1 cos 0 -f- -Bg cos 30+ 

- [Ai sin(7T - 0) + -^8 sin 3(71 - 0) + . . . 

+ Bi co8(7C - 0) + Bg cos 3(7r - 0) + . . . ] 

«= 2B cos 0 + 2B8 cob 30 + . . . 



Fig. 202. Wave-form of E.M.F. 
Analysed in Tables VII and X 
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for the third harmonic and its multiples. The manner in which the 
grouping is effected is best shown by considering a few typical cases. 

I. Analysis of a periodic curve for odd harmonics up io, and 
including ^ the fifth. Ordinates are erected at abscissae 30°, 60°, 90°, 
120°, 150°. The sums and differences of the ordinates of supple- 
mental angles are determined, the sums being denoted by a , 
ttg, . . . and the differences by d^, d^, d^, . . . . This portion of the 
analysis is best carried out by arranging tlie quantities in horizontal 
rows, thus 


Ordinates 


2/30 

2/160 


2/60 

2 /i 20 


2/90 


Sums (3/30 -1-2/ i 6 o)=-“«i 

Differences (y,# - == 


CVeo + Viio) =--■ «2 
(yeo~2/iso) — d-i 


2/90 


The method of obtaining the groiJj)ing of thtj terms for th(i 
multiplication processes is best shown by carrying out the sum- 
mation according to the previous method. Thus, from ]). 313, 
we have 

J(y3osiri SO^ + j/onSin 00° + f/so sin 90° -f- j/i2„sinl20° 
fyisoS»‘ 150°) I 

^ i I (yso + «/i6o) *10° + (yjo -i- .Vi 2 o) sin 120° 

+ J/eosln 90° I 

= sin 30° sin 60° + sin 90°) 

*4, = 2{|ify3osin(3 X 30)° + y6oSin(3 X ()0)°-| y„„(3 x 90)° 
+ 2/120 sin(3 X 120)° + ?/j5osin(3 x 150)°] j 
= (^30 + 2 / 160 ) sin 90°+ (jfeo + Viw) sin ]»0° 

+ i/Bosin 270"! 

sin 90° + «2 180° + 03 sin 270°) 

= ~ ^3) 

= l Cl. 

where q=: - a^, 

^0 = 2|i[2/3osin(5 X 30)° + i/8o8in(5 X 60)° 

+ 2/90 sin (5 X 90)° + y, 3 oSin (6 X 120)° 

+ 2/i8osin(5 X 150)°] ( 

= i { (2/30 + 2 /i6o) sin 150° + (y«, + 2 / 120 ) sin 300° 

+ 2/90 sin 450°^ 

= J(a^ sin 30° - Uj, sin 60° -f sin 90°) 
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Bx =2 ) J(y 3 o cos 30° + cos 60° + cos 90° 

+ ^130 cos 120° + J/isoCos 150°) { 

= J I (yso - J/uo) cos 30 ° + («/,o - 2/i2o) cos 60 ° 

+ ygocos90°| 

~ cos 30° h ^2 60°) 

B» = 2{j(y3oC08(3 X 30)°+ yeocos{3 X 60)°+ y,3CO8(3x90)° 
+ yi3ocos(3 X 120)° + yi5oCos(3 X 150) °| 

= i { (j/so - Viin) cos 90° + {y,„ - j/^j) cos 180° { 

= J ^2 COS 180° 

~ “ i ^2 

Bi = 2|J(y33Cos(5 X 30°) coh(5 X 60°) + j/k,cos(5 X 90°) 
+ yi2oCOH(5 X 120°) + y,soCOS(5 X 150°) | 

— i 1 O/ao - Vua) cos 150° + {yeo - yjjo) cos 300° j 
= U-<li cos 30 ° -f rfa cos 60 °) 

Observe that the same products are involved in the coclFicicnts 
of both the first and fifth harmonics. Hence, if the products are 
arranged alternately in two vertical columns (see Table VIII), one- 
third of the sum of the totals of the columns giv(*s the coefficient 
for the first harmonic, or fundamental, and one-third of the difference 
of the totals of the columns givers the coefficient for the fifth harmonic. 
Observe also that ti‘rms a^, Ug, may be grouped together and treated 
as a single tc3rin (c^) in obtaining the products for the third 
harmonics. 

II. Analysis of a periodic curve for odd Ivarmonics up to, and 
including, the eleventh. In this case we can obtain special groupings 
for both third and ninth harmonics. 

Thus, denoting the eleven equidistant intermediate ordinates 
(erected at abscissae 15°, 30°, 45°, etc.) by 2/15 , » 

taking the sums and differences of ordinates at supplemental 
angles, as above, we have 



2/16- 

2 / 30 ’ 

2 / 45 ’ 

2/60* 

2/76* 

2 / 90 ’ 


2/m’ 

2/i60* 

2/i36’ 

2 / 1 20* 

2/106’ 


Sum 


^2 


^4 

"6 


Difference 


(^2 

^3 

d. 

^6 

— 



TABLE VIII 

SCHEDUI.E FOR ANALYSIS OF PERIODIC CURVE XJP TO FiFTH HaRMONIC 



Equation to curve— y = F, sm(0 -f aj + sin (30 + Og) + sin (50 + a^). 
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Now the coefficients for the third harmonics are given by 

sin 45® + aj sin 90® + sin 135® + sin 180® 

+ sin 225® + Oe sin 270®) 

i(ai sin 45® + ag sin 90® + sin 45® + 0 - ag sin 45® 

- Og sin 90®) 

= J I («! -1- fls - «6) sin 45 ° 4 (a^ - ««) ahi 90 “ j 
= sin 45® + C 2 sin 90®) 

where + «3 - ag), and Cg = («2 ~ ^e) 

i ?3 — = cos 45® + dg cos 90® -f cos 135° + cos 180® 

+ dg cos 225® + dg cos 270®) 

= J (di cos 45 ° + 0 - dg cos 45 ® - dg - d- cos 45 ® + 0) 

— i ^3 ^^s 45 ® - dg I 

= i(g^iCos45®~d4) 
where (d^-d^-d^) 

The coeflicients for the ninth harmonic reduce to 

^9 i 1 K + «3 - «6) sin 45® - (a^ - a^) sin 90® \ 

^ J(Cj sin 45® - ^2 sin 90®) 

^9 U ( “ + ^^3 + <^ 5 ) 45® - d4 \ 

= cos 45®~d4) 

Hence the co(‘fficients for the third and ninth harmonics can be 
evaluated together. 

Similar]}^ the coefficients for the first and eleventh harmonics 
can be (evaluated together, as well as those for the fifth and seventh 
harmonics. Thus 

Ai sin 15® + ttg sin 30® + sin 45® + a 4 sin 60® 

+ flg sin 75® + ag sin 90®) 

== I (a^ sin 15 ® - ag sin 30 ° + «3 sin 45 ° - sin 60 ® 

-f- ttg sin 75 ® - ttg sin 90 ® ) 

= J(di cos 15® + cos 30® + cos 45® + dg cos 60® 

-f dg cos 75°) 

^11 ~ K“ ^1 cos 15® + dg cos 30® - dg cos 45® + dg cos 60° 

-dg cos 75°) 
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A^ i («i sin 75 ® + ag sin 30 ° - ag sin 45 ° sin 60 ° 

+ ttg sin 15° + ag sin 90°) 

At = J(ai sin 75° - Og sin 30° - ag sin 45° + «4 sin 60° 

-h ^5 sin 15° - ttg sin 90°) 

J ((ij cos 75 ° “ (ig 30 ° - 6?3 cos 45 ° + cos 60 ° 

- cos 15°) 

Bt = 4(- d^ cos 15° cos 30° + d.^ cos 45° + d^ cos 60° 
+ rfg COS 15°) 

The schedule is therefore arranged according to Table IX. 


Example. Analysis of the E.M.F. curve given in Fig. 202 for odd 
harmonics up to, and including, the eleventh. 

The values of the ordinates at abscissee 16®, 30°, . . are as follow — 

Abscissa 15® 30® 45® 60® 75® 90® 105® 120® 135® 150® 165® 

Ordinate 24-5 51 84-2 126 171 191-5 180 152-3 119 82 41 


Taking sums and differences of ordinates of supplemental angles, we have 


Ordinates 


24-5 

41 


61 84-2 126 171 191*6 

82 119 152-3 180 


Sums 66-5(-ai) 133 (^a^) 203-2(=-O8) 278-3(^04) 351( = a8) 191-6( = ae) 


Differences-16-5(=di)-31( = d2)-34-8(r-d3)-26-3(=d4)- 9(-d6) 
Grouping for third harmonic — 


Cj = Oi + 03 - ag = 65-5 -t 203-2 - 351 = - 82-3 
Cj — Og - Ofl = 133 - 191-5 — - 58-5 

- d, - dfi = - 16-6 + 34-8 + 9 = 17-3 


The remaining calculations are given in Table X. 

III. Analysis of a 'periodic curve for odd harmonics up to, and 
including, the seventeenth. In this case special groupings are 
obtained for the third, ninth, and fifteenth harmonics. 

Seventeen equidistant intermediates ordinates are erected at 
abscissae 10 °, 20 °, etc. 

The sums and differences of ordinates at supplemcuital angles are 
obtained and tabulated thus — 


2/10" 2/20“ 2/30* 2 / 40 * 2/50" 2^60* 2/70" 2/80' 2/90" 

2 / i 7 o “ 2 / i 6 o ‘’ 2/ i 60“ 2 / i 4 o “ 2/130' 2/120' 2/110“ 2/100' 2/90' 
ISums cKj c 7'2 cKg (Zg a^ a^ 

]3ifferences d-^ d^ d^ d/^ d^ d^ dfj d^ 



TABLE IX 

Schedule for Analysis of Periodic Curve up to Eleventh Harmonic 
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22— (T.5245) 


to curve— y = sm(0 + a,) + sm(30 + a*) + 8m(50 + a^) + F, 8in(70 + a,) + F, 8iii(90 + a,) 

-f* F|iSiii(110 4" dll)’ 



TABLE X 

Analysis of E.M.F. Curve xtp to Eleventh Harmonic 



ai = taii-i- 13-82/166-5 =-4 8®. a, = tan*i 6-4/ - 19-45 =161-8®. Qj = tan'i 7-13/4-6 =67-2®. 

ay = tan-* - 2-55/ - 1-05 = 247-6®. a, = tan'* 2-35/0-05 = 88-8®. aii= tan'* 0-48/0-1 = 78-2®. 

Equation to curve — e — 167 sin(0 - 4-8®) + 20-5sin(30 + 161-8®) + 8-9 8in(50 + 67-2®) - 2-76sin(76 -f 67-6®) 

+ 2-35sin(90 + 88-8®) + 0-49sin(ll0 -f 78-2®). 
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The coefficients for the third, ninth, and Hfteenth harmonics 
reduce to the fnllowinir 


i Idth. 

5th. 13th. 

7th. nth. 

9th. 

; Coeina Terms. 

i« 

t 

COB 30® 
7( 

8€ 

9<0* 

- <f| COB 80® 

- COB 70® 

cfg cos 60® 

di coa 50® 

dg eoa 40® 

- dg coa 30® 

-dg cos 20® 

dy COB 10® 

d^ 008 80® 

d, 008 70® 

dt 008 60® 

-dy 008 60® 

-dg cos 40® 

-dgCO8 30® 

- dg cos 20® 

dg cofl 10® 

f 3 cos 0" 









B, 

B.. 

B, 

®1S 

B, 

B» 

B, 


■f iJ, + i?„ + Bj, + -f. fi,, « 0 


** “f* "Sii*)* ** V(-<^ii* 4* ^16*)* ■^17®* 4“ fill*) 

,= SiflAiy a, 5 == tan'* ^15/^15. 


i® 4" Oia) 4-^11 8in(l5l9 -+* flis) 4* -Pit sin(17d + Qh) 

( 1 ! 

1 


vau W>1. v^* vxxv> vfv/v/aaj v>x\^ait/o yo, y j utaxu. vatlj 

prep&raftion of schedules for these cases are eflFected by methods 
similar to those already given. 
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The coefficients for the third, ninth, and fifteenth harmonics 
reduce to the following expressions — 

Ag ~ i I (®i H“ ®s ~ fl?) sin 30° -j- (a^ + O 4 — Og) sin 60° 

+ (®3-“*)8in90°| 

= i (cj sin 30° + Cj sin 60° + c, sin 90°) 
where Ci= (a^ + Og - a,), Cg = (a^ + dg - Og) and Cg = (Ug - a,) 

= UK'“3 + «6-«7 + «9)sin90°| = ^C4sin90° 
where Cf~ (a^ - ag + Og - -|- a,) 

^is = J j («i + ®s - «?) sin 30° - (ttg + 04 - ftg) sin 60° 

+ K-ajlsin 90° I 

= sin 30® - Cg sin 60® + C 3 sin 90®) 

== J I (dj - c ?6 - t^ 7 ) cos 30® + (c/g “ c ?4 - cfg) cos 60® - i/e ( 

= Jt( 9 'i cos 30® + 92 cos 60® - d^) 
where ^ 1 = (d^ - ig " ^ 7 )* = (^^2 - ~ ^a) 

Bg = J (- dg + c ?4 - de + dg) = i 93 

^15 = 0 1 (- + ^*5 + ^^ 7 ) cos 30® + (dg - c /4 - dg) cos 60® - dg ( 

= i (92 cos 60® - e/g - 9i cos 30®) 

Hence the groupings for these harmonics are 

For Sine terms. For Cosine terms. 

tti I Ctt “ ~~ Cl 

Third and fifteenth , __ d^- dg- 

harmonics — ^2 dg- dg- dg = g^ 


Ninth harmonic - ag + a^+Ug^Cg - c/g-j- dg-dg + dg 

= ^^3 

The schedule is arranged according to Table XI. 

IV, Analyses for harmonics higher than the seventeenth. If an 
analysis is to include the 23rd harmonic, special groupings can be 
obtained for the 3rd, 9th, 15th, and 21st harmonics ; while, if the 
29th harmonic is to be included, special groupings can be obtained 
for the 3rd, 5th, 9th, 15th, 21st, 25th, and 27th harmonics. 

In general, as the analysis is extended to include still higher 
harmonics, the number of harmonics for which special groupings 
of the terms may be obtained, increases. 

The determination of the “ grouping coefficients ’’ (c, g) and the 
preparation of schedules for these cases are effected by methods 
similar to those already given. 



CHAPTER XV 

UAONETIZATION OF IRON BY ALTEBNATINO CURRENTS 

Effects Due to Alternating Magnetization. The magnetization of 
iron by alternating current produces phenomena which are absent 
when the iron is magnetized by direct current. In the latter case, 
assuming a closed magnetic circuit, a given steady current in the 
magnetizing coil results in a definite flux in the iron, and hysteresis 
manifests itself only when changes occur in the magnetizing current, 
the resulting flux due to a given current being then dependent 
upon whether this current is greater or less than the previous 
current. 

With a steady magnetizing current (t), the impressed E.M.F. 
(v) at the terminals of the magnetizing coil is given by v — iR, 
where R is the resistance of the coil. But, with a varying current, 
the impressed E.M.F. contains a component which balances the 
E.M.F. induced in the coil by the variations of the flux. Moreover, 
the changes in the flux also induce E.M.Fs. in the iron core and set 
up eddy currents therein. The eddy currents cause a loss of energy — 
which is expended in heating the core— and produce a magnetic 
reaction tending to damp out the variations of the flux. An 
additional loss of energy, due to hystcrivsis, occurs in the iron core 
during each cycles of raagjictization, and is expended in heating the 
cor(j. Further, both hysteresis and eddy currents cause a phase 
disi)laceinent betwe^en the magnetizing current and the flux. Hence 
with alternating magnetization the current (maximum value) 
required to produce a given flux (maximum value) is larger than 
that requin'd when the flux is non-alternating. 

Therefore when iron is magnetized by alternating current, both 
the (uirrent in the coil and the? potential difference at its terminals 
will have higher maximum Values, for a givtm maximum value of 
the flux, than those wlion the magni^tization is produced by steady 
current. Also, due to the varying permeability of the iron, and 
hysteresis the wave-form of the current is distorted and is no 
longer of similar shape to that of the impressed E.M.F. 

[Note. The distortion becomes greater as the magnetic saturation 
increases ; it is affected similarly by the hysteresis loss.] 

The wave-form of the current may be easily obtained when the 
hysteresis loop of the iron is available and the wave-form of the 
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flux is known ; the method is a graphical one and is described 
lat^r (p. 326). 

Flux Wave-form. The wave-form of the flux can bo obtained 
when that of the impressed E.M.F. is known, provided that the 
voltage drop due to the resistance of the magnetizing coil is 
negligible. Thus, if v denotes the impressed E.M.F. , i the current, 
R the resistance of the magnetizing coil, and e the E.M.F. induced 
in the latter due to the variations of the flux, we have 

V = -(e + iR) 

and, when iR is negligible, v = - e. 

Now e = - {N X where N denotes the number of 

turns in the magnetizing coil, and O denotes the value of the flux 
at the instant t. Hence 

^ 108 r 10® r , 

Je.dt = j^Jv.dt .... (166) 


Thus the curve obtained by the integration of the wave-form 
of the impressed E.M.F. represents the wave-form of the flux. 

If the impressed E.M.F. is sinusoidal, i.e. v = sin cot, 


O = 


X 10« 
~N 




sin (ot . dt - 


Vm X 1 0- 
Nw' 


- 008 cot 


v „, >-■ 

Nm 


sin (cot - \tt) 


( 166 ) 


Thus the flux is sinusoidal and lags 90° with respect to the 
impressed E.M.F. 

Th(i maximum value (0„i) of the flux is given by 

X W/Nco = . F X 10«/27r/N 

== F X 108/444/iV (167) 


where V denotes the R.M.S. value of the impressed E.M.F., and / 
the frequency. 

If the impressed E.M.F. is iion-sinusoidal , and only odd harmonics 
are present, let Vav denote the mean value of the E.M.F. during 
the half-period (= IT seconds) between two successive zero 
values. Then 


W 


j rkT 

I v,dt=yi 

o 


hTV, 


and 
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/ ^T 

V . dl represents, under the conditions stated, the 

r 

maximum value of the indefinite integral I ^ . dt, and therefore 


if the value (^TV^v) of the definite integral is substituted in 
equation (165), the resulting expression represents 

the maximum change (AO)^ in the flux during a half -period, 
i.e. (AO)^ = Since the E.M.F. wave-form is 

assumed to contain only odd harmonics, then only odd harmonics 
are present in the flux wave-form, and the positive and negative 
half-waves are identical in shape. Hence, if denotes the 
maximum value, or amplitude, of the flux wave, then the maximum 
change in the flux during a half-period is equal to twice the 
amplitude and is given by (AO)„i = 


Substituting the above value for (A®)„i, we have 


Whence ®fn= X W j^N 


= 10®F«./4/iV .... (167a) 

since T = 1 //. 

Hence for a given frequency (/) and number of turns (N)^ the 
maximum value of the flux depends only upon the mean value of 
the impressed E.M.F. Conversely, the mean E.M.F. induced in a 
coil by an alternating flux depends only upon the maximum value 
of the flux — the frequency and number of turns being constant — 
and is unaffected by the shape of the wave-form of the flux. 

Denoting the form factor — i.e. the ratio (R.M.S. value /mean 
value)— of the E.M.F. wave by ky, we have 

V., = VIk, 

where V is the R.M.S. value of the impressed E.M.F 
Hence = F X 10^ l^kyfN .... (1676) 

If the E.M.F. in sinusoidal, ky 1-11, and the expression (1676) 
reduces to (167), i.e. 

<&,„ = F X 108/444/iV 


Wave-form of the Magnetizing Current. The wave-form of the 
magnetizing current is deduced as follows— 

Assuming the hysteresis loop and the wave-form of the flux, or 
flux density, to have been plotted in rectangular co-ordinates, 
select a convenient number of points, say twelve, on the flux 
curve and determine the magnetizing current for each point from 
the corresponding points on the hysteresis loop (Fig. 203). Plot 
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the currents so obtained to the same abscissae as the flux curve, 
and draw a curve through the points. Thus, in Fig. 203, the 
dux-density curve, B, has been plotted to the same or^nate scale 
as the hysteresis loop (which has been plotted in terms of flux 
density, B, and magnetizing current, 1). By arranging these 
curves side by side, the selected points, 1-12, on the flux curve are 
projected across to the hysteresis loop, and the corresponding 
values of currents are marked off as points l'-12' on the respective 
ordinates of the flux curve. 

A similar method can be used to determine the wave-form of 



Fig. 203 . Method of Determining Wave-form of Magnetizing 
Current 


the flux c^orresponding to a givim wave-form of current. Fig. 204 
gives the wave-form of the flux when the magnetizing current 
follows a sine law and the hysteresis loop is the same as that given 
in Fig. 203. 

Wave-form of Induced E.M.F. When the shape of the flux 
curve is known, the wave-form of the induced E.M.F. may be 
readily obtained since each point on the E.M.F. wave is proportional 
to the differential coefficient of the corresponding point on the 
flux wave. 

[Note. The differential coefficient of any point on the flux 
wave may be determined either graphically, by drawing the tan- 
gent at that point and calculating its value, or analytically, by 
calculating the quantity AO/A^.] 

Referring to Fig. 203 we observe that when the flux is sinusoidal 


\mperes. 
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the magnetizing current wave-form is distorted. Moreover, although 
the maximum ordinate of the current wave coincides with the 
maximum value of the flux, the zero values of current occur earlier 
than those of the flux. This non-coincidence of the zero values of 
current and flux is due to hysteresis.* 

Wo also observe that the half-waves of current arc similar and 
symmetrical. Therefore only odd harmonics are present in the 
current wave. 

Analysis of Current Wave-form. If* the current wave is analysed 
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into its harmonics the results will show the presence of a funda- 
mental, and third, fifth, and higher harmonics ; the harmonics 
higluu' than th(i fifth being small in comparison with the third and 
fifth harmonics and the fundamental. For example, the analysis 
of the current wave in Fig. 203 gives the following result — 

i = 2-707 sin(0 + 9-3°) - Ml sin(30 + 10-3°) + 0-255 sin 
{56 - 48-2) - 0-1 sin(7d - 59 3^) + 0-085 sin(9(9 - 83-2'=’) 

-0-054 8in(110 + 82-6)° 

In Fig. 205 the fundamental of the current wave of Fig. 203 is 
demoted by and the higher harmonies are grouped together in the 
curve marked 

Equivalent Exciting Current. The power necessary to carry the 
iron through a cycle of magnetization is given by the product of 
the impressed K.M.F. and the fundamental of the current curve 
(since, with sinusoidal E.M.F. and non-sinusoidal current, only the 
fundamental of the current wave has a frequency equal to that of 
the E.M.F. ), and this power is equal to the hysteresis loss. The 

♦ If hysteresis were absent, or negligible, the current wave-form would 
be in phase with the flux wave-form, but the former would still show dis- 
tortion due to the variation of permeability of the iron with variation of 
magnetizing current. 
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fundamental of the current wave may therefore be resolved into 
power and wattless components with respect to the impressed 
E.M.F. wave. These components are shown in Fig. 205 by the 
curves and 

The wattless component, of the fundamental of the current 
wave, when compounded with the curve, ij, representing the third, 
fifth, and higher harmonics (which are wattless with respect to a 
sinusoidal E.M.F.) giv(is the curve marked i,^, which represents the 
total wattless component of the current wave and is the true 



Fig. 205. Components of Magnetizing and Exciting Cunrents 


l^xitlanation and data of (mitvcs — 
t, uon-sinu.soldal magnetlzmtl eiirrcut, Fig. 187 

fundamental of (i)--equatlon = 2*7 sin (d + O-S”) 
ij. Ingher harmonica grouped together 
ijp, i)ower component of ij — equation i^p 0-137 cos 0 
ij/r, wattless component of — equation — 2-672 am 0 

nr, total wattle.s.s comjMuient of current wave 
%w', eipiivalcnt sine curve for iiv — equation iw' - 2-9 sin 0 
/, equivalent exciting current — equation 2-9.‘i.'i sin (0-19 3®) 

magnetizing current. This curve, may be replaced by an 
equivalent sine wave, having an R.M.S. value equal to I^. 
Conniounding the sine curve iJ witli the power component of 
the fundamental of the current wave, we obtain the sine curve i, 
which represents the equivalent sinusoidal current necessary to 
carry the iron through a magnetic cycle. This current, since it is 
compounded from the true magnetizing current and the power 
component of the current supplying the hysteresis loss, is called 
the exciting current y and the angle by which it leads the flux Is 
called the kysleretic angle oj advancCy a. 

The vector diagram representing these conditions is given in 
Fig. 206, in which the vector 0<S>^ represents the flux, Olg the 
exciting current, 01^ the magnetizing current, and 01 the power 
component of the exciting current supplying the losses. Hence 

lo - V(V + V)- 
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Now the R.M.S. value of the exciting current may be obtained 
from the reading of an ammeter connected in the circuit of the 
magnetizing winding, and if the hysteresis loss is denoted by Pf^ 
watts, the R.M.S. value of the power component of the fundamental 
of the current wave is equal to where E denotes the R.M.S. 

value of the E.M.F. induced in the magnetizing winding 

Whence 7^ = ^[1,^ - {PhIE)^] 

Thus the R.M.S. value of the magnetizing current may be 
obtained when the exciting current, the hysteresis loss, and the 
E.M.F. induced in the magnetizing winding are known. If the 

pressure drop in the winding is small 
in comparison with the impressed 
E.M.F , then the induced E.M.F. 
may be taken as equal to the 
impressed E.M.F. 

Effect of Hysteresis and Magnetic 
Saturation on the ** Constants ’’ of an 
Iron-cored Choking Coil. The general 
effect of hysteresis and magnetic 
saturation is to cause the power-factor 
^ of any iron-cored coil to be higher 
than that calculated from the resist- 
Fig. 206 . Vector Diagram a^ce and inductance of the magnetizing 
Hysteresis Winding. Thus, with sinusoidal im- 

pressed E.M.F. and non-sinusoidal 
exciting current, the power component of the fundamental of 
the exciting current supplies the losses, which, in the present 
case, include the PR loss in the magnetizing winding and the 
hysteresis loss (with which should be included the eddy-current 
loss, if any) in the iron core. If Pi denotes the iron losses, the 
total loss, P, is given by 

P Pi + PR, 

where 1 is the exciting current and R the resistance of the mag- 
netizing winding. Dividing throughout by P, we have 

P/P == PilP -f R 

The quantity PjP represents the effective resistance R^ff of the 
choking coil, and includes the true resistance (R) of the winding 
and the apparent resistance {Pi/P) due to the losses in the iron 
core. The effective resistance also includes the apparent resistance 
due to any eddy currents in the conductors. 
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If E denotes the impressed E.M.F., the effective impedance 
(^«//) ot the choking coil is given by 

= Ejl 

Hence the effective reactance is given by 

x,ff==^/[{EiiY-{Pipn 

Now the non-siiiusoidal exciting current (/) is larger than the 
sinusoidal magnetizing current which would be required to produce 
the same flux, and therefore both the effective reactance and the 
effective impedance of the choking coil are smaller than the 
calculated values obtained from the resistance and inductance of 
the magnetizing winding. 



Fio. 207 . Production of Fig. 208 . Lamination of Cokes 

Eddy Currents in Solid Subjected to Alternating 

Core Flux 


Hence, since the power factor is given by (effective resistance/ 
effective impedance), it follows that, due to iron losses and magnetic 
saturation the actual power-factor of the choking coil will be higher 
than that calculated from the resistance and inductance of the 
magnetizing winding. 

Eddy Currents. When a solid iron or metal core is placed 
longitudinally in an alternating magnetic field, the lines of force 
cut the core radially, the motion of the flux being towards the 
centre of the core when the magnetizing force is decreasing, and 
vice versd when the magnetizing force is increasing. Hence, 
E.M.Fs. are induced in the core, and these E.M.Fs. give rise to 
currents which circulate in the core in a direction .parallel and 
opposite to that of the current in the magnetizing solenoid {see 
Fig 207). These circulating currents are called eddy currents ^ and 
cause heating of the core. 

The energy, which is dissipated in the form of heat, is obtained 
by electromagnetic induction from the circuit supplying current to 
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the magnetizing solenoid. Moreover, the circulating currents 
produce a magneto-motive force which acts in opposition to that 
producing magnetization, and therefore the flux due to a given 
current in the solenoid is smaller than that which would be obtained 
if the core were removed or replacjcd by one of non-magnetic 
material. 

Hence when large masses of iron — such as the cores of trans- 
formers and alternating- current machines, or heavy conductors — 
are subjected to alternating magnetic fields, means must be adopted 



Fig. 209 Fig. 210 

PERTATNINa TO THE CALCULATION OF El>l>Y ClOUtKNTS IN WlKES 

AND Plates 


to reduce the eddy currents to such values that the resulting heating 
and loss of energy is not detrimental to the efficiency and operation. 

The most effectivii means of reducing the eddy current loss is to 
laminate the material subjected to the alternating flux, the lamina- 
tions being parallel to the direction of the Tnagn(^tic lines of force. 
For example, the core of Fig. 207 would bo constructed either of 
iron wires of small diameter, or of thin iron sht^eis, as indicatcKl at 
A and B, Fig. 208, respectively. In each case the individual wires 
or laminations must be lightly insulated from one another by a 
thin coating of insulating varnish, as, if the laminations are in 
electrical contact, the eddy current loss wall be practically the 
same as with a solid core. 

Calculation of Eddy-cuirent Loss. The loss due to eddy-currents 
in wares and laminations may be calculated easily when the flux is 
uniformly distributed over the cross section of the material. 

1. Eddy-current loss in round wires. Consider an elementary 
coaxial annulus of radius x cm. and mdth dx cm., in the cross 
section of the wii-e (Fig. 209). Then if d cm. denotes the external 
diameter of the wire, the maximum value of the flux density 
(assumed to be uniform throughout the cross section of the wire), 
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the flux linked with the annulus is and the R.M.S. value 

(Eg.) of the induced E.M.F. is given by 

Eg. = 4kffB^7TX^ X 10 ® volts, 

where kf is the form-factor or the flux wave and / is the frequenc^y. 

The direction of the induced E.M.F. is along the mean perimeter 
of the annulus, and for unit length (1cm.) of wire the resistance 
in the path of current is 

r = 27rxp Jdx, 

where p denotes the specific resistance ot the material in ohm-ern. 
units. 

Hence the loss, in watts, in this elementary ring due to the 
current circulating in it is 

I^J'lr = Eg,^ dxl27Txp 
=- (AkffB^TTX^ X dxj27TXp 

=- (^TTk;^PBJx^ X W^^)dxlp 


Whencj(^ the loss in watts per cm. length of wire is 


P 




dx 


p X 8 X ]()*« 


Thercfori' the loss in watts per cubic cm of the wire is 

P -PelKb^d^) 

X 10 ■«//> 

= 1 _ L_ 

^ ■ p X 10«\ 

and tlu; loss per kilogram of core is 


(108) 


= Pla X lO ® 


S_ 

100 1000/ 


. (109) 


wh(‘r(! a is th(? density of the wire in grammes p(;r cubic cm. 

II. Eddy-current loss in thin plates In this case, tlui thickness, 
(3, of the plate is assumed to be very small in compari.^on with the 
width, i,e. the dimension parallel to the direction in which the 
eddy currents circulate. The eddy currents may therefore be 
considered to flow parallel to the suHaces of the plate and will 
have opposite directions on either side of the centre line as 
indicated in Fig. 210. 
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Consider two parallel elementary layers, AB, CD, in a plate at 
distances x cm. on either side of the centre line 00, Fig. 210. Let 
the thickness of each element be dx cm. and its length perpendicular 
to the paper be 1 cm. Then the flux enclosed per cm. length of the 
central portion of the plate (shown shaded in Fig. 210) bounded by 
the elements is 

B^(2x X l) = 2x.B„, 

Hence the E.M.F. (Eg.) induced in the circuit formed by the 
elements (which is equivalent to an electric circuit of one turn) is 

Eg. = 4kffBjn . 2x X 10 ® volts. 

Now if the thiclmess of the plate is very small in comparison with 
the width, the length of the elementary circuit A BCD may be 
considered as equal to twice the distance between the transverse 
boundary planes, and the resistance of this circuit per cm. length 
and depth of the plate is 

r = 2pl(dx X 1) ohms. 

Hence the loss, in watts, due to the circulating current in this 
circuit is 

P, = E^^jr = Eg?(lxl2p 

= i^kffB^ . 2x X W^)Hxl2p 

and the total loss, in watts, per cm. length and depth of plate (i.e. 
for a volume d cubic cm.) is 

P.X = ~ X 10 

Therefore the eddy current loss, in watts, per cubic cm. of the 
plate is 

P = ^ X 10 . . . (170) 

O op 

and the loss per kilogram is 

Example. Calculate the eddy-current loss in watts per kg. of alloyed 
iron plate for which the thickness is 0-5 mm., the specific resistance is 
50 X 10 ® ohms per cm. cuIjc, the density is 7-5 gm. per cubic cm., and the 
maximum value of the sinusoidal flux density is 13,000 lines per square cm. 
at a frequency of 50 cycles per second. 

From the data we have 

a = 7*5 / = 50 

^ 50 X 10 • kf = Ml 

(5 = 005 13,000 



MAGNETIZATION OF IRON 


335 


Hence, substituting in equation (171), 


P 


ka 


4 X 10« 

8 X f b X 50 X 10» 
0*462 W. 


0*05 X 


50 

W) 


Ml X 13000y 
1000 / 


Noth. In practice the eddy-current loss is always in excess of that calcu- 
lated by the above method, the discrepancy being due to a number of causes, 
such as imperfect insulation between the plates, non-uniform distribution of 
the flux throughout the cross section of the core due to differences in the 
length of the magnetic path for different portions of the core, non-uniform 
distribution of the flux throughout the cross section of individual plates due 
to the effect of eddy currents (see p. 339). 


Effect of Eddy Currents on Flux Distribution in Iron Cores. The 

E.M.F. (Egg) induced in an element of the cores of Figs. 209, 210, 
by the alternations of the (sinusoidal) 
flux may be represented by a veetor, 

OEg^, Fig. 211, lagging 90° with respect 
to the vector, 01^, which represents 
the equivalent (sinusoidal ) magnetizing 
current. The circulating, or eddy, cur- 
rent due to the E.M.F. , Eg.^ may be 
represented by a vector, Olg., lagging 
with respect to OEg. owing to the 
inductance of the path of the eddy 
current. 

Now when the core is concentric 
with the magnetizing winding, the path 
of this eddy current is concentric with 
that of the current in the magnetizing 
winding. Therefore the resultant mag- 
neto-motive force, to which the flux in the core is due, is equal to 
the vec^tor sum of the M.M.Fs. due to the current in the magnetizing 
winding and the eddy current in the core. The component M.M.Fs 
are represented by OA, OB in Fig. 211, the resultant M.M.F. is 
represented by OCy and the flux in the core (which is in phase with 
the resultant M.M.F.) is represented by OO-j. In general, the 
resultant M.M.F. will be smaller than that due to the magnetizing 
current, and therefore the resultant flux will not be in phase with 
the magnetizing current, and will be smaller than the flux which 
would be obtained if there were no eddy currents, otlie^ conditions 
remaining unaltered. 

When the effects of all the eddy currents in the core are con- 
sidered — which requires analytical treatment and is given later — 
the results show that, except in the cases of very thin wires and 
plates, the flux distribution over the cross section of the core is not 





Fig. 211. Vkctoti Diagram 
Showing Effect of Eddy 

(ICHRENTS 
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uniform ; the flux tending to concentrate towards the surface, 
or outer layers, of the plates, or wires, forming the core. The 
eddy currents, therefore, produce a raagncjtic screening effect on 
the central portions of the plate. Hence, with cores constructed 
of thick plates, a large percentage of the cross -sec. tion would be 
rendered magnetically ineffective by (jddy currents, and therefore 
the average value of the flux density in the core may be very 

different from the com- 
puted value on the 
assumption of uniform 
flux distribution. 

The curves of Fig. 212 
show, for a particular 
brand of iron, that to 
obtain approximate uni- 
form distribution of flux 
throughout the cross sec- 
tion of the plate, the 
thickness should not 
exceed about 0-5 mm. 
(0*014 in.) when, the fre- 
quency is 50 cycles jjer 

Fig. 212. Disthibution of Flux Dknsitv second, and about 0*35 

OVER Cross-section of Iron Pirates of mm. (0*01 in.) wh(Ui the 
Various Thicknesspjs 4* . 4^ ion «,rr.l 

Hot! p(l curves show phase disi)lacempnt of flux ircquency IS lUU CyClCS 

density in space. p^j, second. 

Calculation of Flux Distribution in Iron Core-plates in which Eddy Currents 
Circulate. Tho calculation, though involving the solution of a differential 
equation, is effectiul by tho application of eloinoutary jirinciplos. Thus, th<' 
change in Ilux density over the cross-section of a core-j>late is related to tho 
change, with resjiect to tho cross-section, of M.M.F. due to oddj^ currents, 
and the latter is proportional to the change in tho E.M.F. induced in the plate. 
In the calculations we shall assume that the flux in tlie core varies sinusoidally 
with respect to time ; that tho individual core-j)lat('S are insulated from one 
another, and that tho thioknoas of eacli plate is small in comparison with 
tho width of the plate. , 

Then, considering a single plate of thickness d cm., let two elementary 
parallel layers, each of thicl^e.ss c?.r, be chosen in the cross-section at distances 
X* cm. from the centre line, as represented in Fig. 210, p. 332. l^et 
denote the maximum value of tl)e flux density (assumed to be uniform*) 
over these layers, and tho maximum value of the flux enclosed in unit 
width of plate by the inner surfaces, AB^ CD^ of the layers. Hence the 
maximum value of the E.M.F. induced in unit width of plate at a distance x 
from the centre line (i.o, along the inner surfaces) is given by 

X 10 * = 277/0^35 X 10 

* This aBftumptioD in justiflable if the tiiickness dz la very amall in comparison with 6, 
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Similarly, the induced E.M.F. at a distance (x -J- dx) from the centre line 
(i.e. along the outer surfaces) is given by 

= 27r/(0^^ + 2B^^dx) X 10'». 

Wlience 


^mx ^m(x + dx) ~ ^ 10 “®— ^TZJB^^dx X 10 '®. 

If p denotes the specific resistivity of the plate, the resistance of the circuit 
formed by the elementary layeirs, per unit width and depth of plate, is equal 
to 2pldx. Hence the eddy current circulating in this circuit is given by 
= E^J{^pldx) = ii:„^dxl'2p. 


Tlio magneto -motive force (maximum value) duo to this current is equal 
to 0-4 tc/^ 3., and this rejiresents the increment in magneto -motive force due 
to eddy currents for the elementary layers under consideration. Therefore 
the increment in flux density for the elementary layers is given by 

<i^mx =" = (0-2it E^^plp)dx 

where ft is the iiermoability. 

Expressing dB^^ and in 83'rnbolic notation, and taking th(^ flux 

density as the quantity of refeifuice, we have 


‘^Pmx _ p 

dx' ' p • ™® • 

X 10 ■) 


{“) 

(ff) 


Whence 


dx^ 


p * dx 


Substituting for dE^^^jdx from equation (^), we have 


where 

or 



X 10 ® 

P 


C2 

c 


-j 2c‘B„^ 

= 0-47r®////10®p, 

/fP 

"■ 10« V lOp 


)] 


(y) 

(172) 


The solution of the differential liquation (y) is 


wliere C ^ and C are complex constant s. In the })roserit case these constants 
have equal values, since the flux dcuisit^^ has the same valu(3, but is of opposite 
sign, at points on opposite sides of, and equidistant from, the centre line of 
the plate. Whence 

Pmx + e 

Denoting the flux density at the surface layers of tlio plate (for which x 
has the value ^(5) by B^^, wo have 



?7nd 

c (eidcv-n + g-iSrV-j2) 

Whence 

?mx _ 

gxcv-r^ _p g-xcv-i^ 

■?w8 

ei(5cV-j- -f £-4 ^<'v'“j2 

or 


g-xcV-J 

sidcv - 12 + e-WoV-ia 


23 ' (T.5245) 
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which ultimately reduces to* 


=^B 


mg 




,CX , c-ex\ e- CX\ 

4- £ ; cos cx - 7 it - e ) 


( 173 ) 


(ei'S® + cos iSc-j{ei^ gj,! 

cosh cx cos cx -j flinh cx sin cx 

~ • "^5 cosh i(5c cos i<5c -j sinh Idc sin J(5c * ' ’ ^ 

The denominator of this expression represents a complex number having a 
constant value for given conditions. The numerator is equal to unity when 
X ~~ 0, and becomes equal to the denominator when x — For values of 
X intermediate between 0 and ^6 the numerator represents a complex number 
having a value intermediate between imity and the value of the denominator. 
Hence the equation (173) to the flux density at any point in the cross-section 
of the plate is of the form 

where O -hjb represents the value of the quotient in equation ^173). 

Therefore at any instant the flux densities at different portions of the cross 
section of the plate not only differ in magnitude but also have a space dis- 
placement with respect to one another, i.e. these flux densities have different 
directions (in space) with respect to the direction of the flux density at the 
surface layers (which coincides with that of the magnetizing ampere-turns). 
A reversal in direction (i.e. a space displacement of 180°) occurs when 

cx — Tu, or when x = example, if p = 10*^, p -- 1000,/ — r)0, 

then X — 0-2235 cm. Hence, for these conditions, the flux density at the 
centre of a plate 4-47 mm. thick has a direction opposite to that of the flux 
density at the surface layers. The manner in which the magnitude and 
space displacement of the flux density varies over the cross-section of a 
similar plate 6 mm, thick is shown in the worked example which follows. 

Example. Calculation of flux distribution in an iron plate 5 mm. thick 
when subjected to an alternating magnetization of 50 frequency. Specific 
resistance = 10 ® ohm per cm. cube ; permeability -- 1000 (assumed to bo 
constant). 

From equation (172) the space displacement between the flux densities at 
centre and surface layers is 

1 r. - 27 u /50 X 1000 X 10® _ 

e = J X O-o X Y io ^ radians -- 201 

Hence it will bo convenient to calculate the flux densities at space intervals 
corresponding to displacements of radians, or 30°, i.e. values of cx in 
equation (173a) will be taken at int^^rvals of radains. 

The evaluation of equation (1 73a) is effected with the aid of tables of 
hyperbolic functions and presents no difficulties. The values of cosh cx, 
Binh cx, cos cx, sin cx required for the calculations an^ given in Table XII. 
Since cosh 3-51 = 16-82 ; cos201° =- -0-933 

sinh 3-51 16-78 ; ,sin 201° ^ - 0-359 

the denominator of equation (173a) reduces to 

16 82 X (- 0 933) + jl6 78 x 0 359 - - 15 7 -f j6 02 


• The reduction depends upon the theorems — 

(a) . . . «■ ■■ » e^(co3 1 : - j sill x) 

(P) . . . » c ‘ - e - ® » e - ® (cos x -h j sin x) 

The steps in the reduction of the exponent z\/ - yZ are — 
a-v^(0 - j‘2) - V(0 - i2ar*) - 

- ix 

« xy/2{QOb i7u - j sin i?:) 

« xd-il) 
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The values of the numerators and quotients are calculated in the usual 
manner and the results are given in tabular form in Table XTT, and are 
plotted in Fig. 213o* from which it will bf) observed that the central portion 
of the plate for a distance of about 1*5 min. on each side of the centre line, 
is almost entirely ineffective. 


0'()622 mm. from the surface), and the remaining radii -vec tores are drawn at 
angles of 10® from one another (corresponding to successive points 0-1 244 mm. 
apart in the cross-section of the plate along the direction perpendicular to the 
surface of the plate). The values of the projections, taken in order and 
expressed as a percentage of are 92, 74, 52-6, 43*5, 32, 22*1, 13*7, 7*2, 2, 
- 1*6, - 3*6, - 5, - 6*8, - 6-2, - 6*4, - 6*6, - 6*6, - 6*4, - 6*2, - 5*6 ; and their 
algebraic sum is 279*2. 

Whence the average flux density over the cross-soction of the plate is 
(13,000 X 279*2/2000 = ) 1815 lines per square cm., and the flux transmitted 
per cm. of width is (1815 X 0*5 X 1 =) 907 lines. 

Hence the thickness of plate required to transmit this flux at a uniform 
flux density of 13,000 lines per square cm. (i.e. on the assumption of no 
eddy-currents) is (907/13000 =) 0*0698 cm., or about two-thirds of a milli- 
metre, which is only 14 per cent of the thickness of the 5 mm. plate. 
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CO 

oq 

aiiih cx, cos car, sin cx requirea lor 

Since cosh 3-51 = 16-82 ; cos 201° -= -0-933 
sinh 3-51 = 16-78 ; , sin 201° = - 0-359 

the denominator of equation (l7Sa) reduces to 

16 82 X (-0’933) + J16 78 x 0 359 - - 

* The redaction depends upon the theorems — 

(a) . . . - 7l) _ e» ^ x 

(/?)... « e . ei=c =, e - 

The stepH In the reduction ol the exponent xy/ —yi are — 
TV(0- j2) - x/(0-j2x*) - 

— ix 

*= ir-»/2(co8 iTT - j Bin Itt) 

* x(l - tU 


15 7 y j6 02 

- i sin X) 

(cos X -h j sin j:) 
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The values of the numerators and quotients are calculated in the usual 
manner and the results are given in tabular form in Table XTI, and are 
plotted in Fig. 213a, from which it will be observed that the central portion 
of the plate for a distance of about 1-6 mm. on each side of the centre line, 
is almost entirely ineffective. 

It is of interest to calculate the flux which is transmitted per cm. width of 
plate when the flux density at the surface (i.e. is 13,000 lines per square 

cm., and thence deduce the thickness of plate required to transmit this flux 
at a uniform flux demsity of 13,000 lines jjer square cm. (i.e. on the assumption 
of no eddy currents). 

The calculation may be effected quite easily by dividing the cross-section of 
the plate into narrow strips and determining for each strip the component 



Fig. 213. Distrtbutton of Flxjx Density ovku Cross-section 
OF Iron Plate 5 mm. Thick 


of the mean flux density in the direction parallel to the axis of magnetization. 
Probably the simplest method is to plot the ratio and 0 in polar 

co-ordinates, as in Fig. 213/), divide this into twenty parts by radii- vectores 
spaced 10® apart, draw the mid-point radii-vectores, and measure their 
firojections on the axis of reference (which is vertical in Fig. 2136). Thus the 
first mid-point radius-vecdor is drawn at an angle of 5 ° from the vertical 
(corresponding to a point in the cross-section of the plate distant [2-5(5/201 ) “ ! 
0*0622 mm. from the surface), and the remaining radii-vectores are drawn at 
angles of 10® from one another (corresponding to successive points 0-1244 mm. 
apart in the cross-section of the plate along the direction perpendicular to the 
surface of the plate). The values of the projections, taken in order and 
expressed as a percentage of are 92, 74, 52-6, 43-5, 32, 22-1, 13-7, 7-2, 2, 
-1-5, - 3-6, - 5, - 5-8, - 6-2, - 6-4, - 6-6, - 6-6, - 6-4, - 6-2, - 5-6 ; and their 
algebraic sum is 279-2. '' 

Whence the average flux density over the cross-section of the plate is 
(13,000 X 279-2/2000 = ) 1816 lines per square cm., and the flux transmitted 
per cm. of width is (1815 X 0-5 X 1 — ) 907 lines. 

Hence the thickness of plate required to transmit this flux at a uniform 
flux density of 13,000 lines per square cm. (i.e. on the assumption of no 
eddy -currents) is (907/13000 —) 0-0698 cm., or about two-thirds of a milli- 
metre, which is only 14 per cent of the thickness of the 5 mm. plate. 
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In oonseqiieiico of the nori'Uniform distribution of the flux in thick lamina- 
tions, the inaxirniuu value of the flux density may be considerably higher 
than the value calculated on the assumption of uniform flux distribution. 
Therefore the eddy-current loss in such plates will be higher than that 
calculated from equation (171). 

Effect of Frequency and Wave-form on Hysteresis and Eddy- 
current Losses in Iron Cores. Effect of Frequency on Hysteresis Loss. 
Experimental results of hysteresis tests, by the “ballistic’* method, 
on magnetic materials show that the hysteresis loss in a given 
material is proportional to nearly the l*6th power of the flux density. 
Thus the (uiergy expended per cubic cm. of material per magnetic 
cycle is expressed by ^ 

Wn = 

whert^ fj is a coefficient the value of which depends uj^on the cpiality 
of the iron and the units in which W and are expressed. For 
iron laminations such as are us(‘d in electrical machinery, the? value 
of rj varies from 0 001 to 0-003 when W ^ and are expressed in 
e.G.S. units. 

Assuming the hysteresis loop to be the same with alternating 
magnetization as whcui detc'rmined ballistically, the hysteresis loss, 
with alt(U’nating magnetization, will be proportional to -th(^ first 
pow(U’ of the frequency and to the l-Oth power of the flux density. 
Thfi proportionality of hystej-(^sis loss and frcquen(5y at constant, 
dux demsity holds only for low frequencies, as, for fn^quencies of 
the order of 100 cycles pe r second and above, the width of the 
hysteresis loop, cor r(ispon ding to a given maximum flux density, 
increases with increasing fn'quency, and, therefore, the hystertisis 
loss ])er magnetic cj^cle bc'comes larger as the frequency intireases. 

Effect of wave-form of imjwessed E.M.V. on hysteresis loss. Fol- 
low freqmnicies the hysteresis loss per cubic em. is given by 
rifBJ'\ 

Now the flux diuisity B„^ is given by wlu^ri; A is th(i mag- 
netic cross-section of the core. Also = E X 10V(4A;,/A), 

wiiere E is the R.IM.S. vajue of the E.M.F. induced in the mag- 
netizing winding, kj the fortn-factor of this E.M.F. , / the frequency, 
and N the number of turns in the magnetizing winding. Whence 

En = nRE X ]0V(4VAJ)]i-« 



Hence, if the resistancjo of the magnetizing winding is negligible, 
and the impressed E.M.F. and frequency are constant, the hysteresis 
loss is inversely proportional to the 1 -Gth power of the form-factor 
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of the impressed E.M.F. Therefore the hysteresis loss with peaked 
E.M.F. waves will be lower than that with flat-topped E.M.F. 
waves of the same R.M.S. value. 

The following values indicate the extent to which the form- 
factor of the impressed E.M.F. affects the hyst/cresis loss — 


Form-factor. 

10 

Ml 

1*2 

1-3 

1*4 

Relative hysteresis loss 
(constant K.M.F. (R.M.S. 
value) and frequency ) 

— ■ — 

118 

10 

0-88 

0-78 

0-69 


The eddy -current loss in a given plate or wire has been shown to 
be proportional to the squares of the flux density, frequency, and 
form factor. Thus 

Substituting for in terms of th<^ induced E.M.F., frequency, etc., 
W'c hav(^ 

P,^-nk,.f.Ex li)^l{UJNA)f 

^[E X }0^l(4:NA)f , . . . ( 175 ) 

Hence, in a giv(ui magnetic core magnetized by alternating 
current the (id dy -current loss is proportional to the square of the 
impressed E.M.F. (R.M.S. value) and is independent of tlui frequency 
and wavcvfonn of thti lather. This statement, however, holds only 
for cases whert^ the flux density is uniformly distributed over the 
cross-section of the core (e.g. when the laminations are very thin 
and the fn'qucincj?' is low). 

The total loss in a inagnctic core magntitized by alternating current 
is, then'fore, d(ipend(Uit upon the form factor of the impressed 
E.M.F., when the frequenciy and K.M.S. value of impressed E.M.F. 
are constant. 

When the impressed E.M.F. is constant and the fre(j[uency is 
varied, the total loss decreases as the frequency increases, since the 
eddy-current loss is constant and the hj^stijresis loss decreases with 
increasing frequency. But when the flux, or flux density, is 
constant and tlui frequency is varii^d, the total iron Joss increases 
as the frequency increases, since the hysteresis loss varies directly 
as the frequenc^y and the eddy-current loss varies as the square of the 
frequency, the form-factor of the impressed E.M.F. being assum(?d 
to be constant. 

In practice the total iron loss is usually expressed in the form of 
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curves which show the loss (in watts per lb., or kg.) at various 
flux densities and constant frequency. Typical curves are given 
in Fig. 214. 

Separation of Iron Loss into Hysteresis and Eddy-current Components. If 

the specific iron loss follows the equation 

where the first term represents the hysteresis loss and the second term the 
oddy -current loss, those components may be separated by determining 



Fig. 214 . Specific Iron Loss for 0 018 in. ( 0-45 mm.) Alloyed 
Iron Laminations 


^i(kg) different frequencies at a given flux density. The exponents 

X, y, may be evaluated by determining for two different flux densities 

at a given frequency. 

Thus, if observations are made at frequencies /j, /g, and flux density 
we have 

-’f”- = -JV + = a + (>/. 

= 7,B„* + = a + 6A 

where a, 6, denote the hysteresis and eddy-current losses, respectively, per 
kg. per cycle at the flux density 

Whence a = ~ ^ 

fi 

» 1 ~ ^t(kg)2lfz 

If = 2/2 the computation is greatly simplified, for then 
a = ^Pi{kg )2 - ^i{kg)i 
fc = i- f^i^Jcg)! _ ^i{kg H\ 

/. V 7; /. / 
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Calculation of Magnetizing and Exciting Currents for an Iron-cored 
Magnetic Circuit with Alternating Flux. Case /, in which the distort^ 
ing effect of hysteresis and magnetic saturation on the wave-form of the 
magnetizing current is ignored. If both flux and magnetizing current 
are sinusoidal, the calculation of the ampere turns, or magnetizing 
current, required to produce a given flux is very simple. The 
procedure is the same as that when the magnetization is produced 
by direct current except that, with alternating magnetization, the 
maximum value of the flux, or flux density, is usually given (or is 
obtained by calculation), and the R.M.S. value of the magnetizing 
current to produce this flux has to be determined. 

For example, if the magnetization, or B-K, curve determined by 
the ballistic method for a magnetic material, shows that F ampere 
turns x>cT cm. of magnetic length are necessary to obtain a flux 
density equal to then, with alternating (sinusoidal) magnetiza- 
tion and the same flux density (maximum value in this case), the 
maximum value of the ampere-turns will be equal to F and the 
ll.M.S. value of the ampere-turns will be equal to Ff.^j'\/2. 

Hence, if I is the length (in cm.) of a magnetic circuit formed of 
this material, then, if the flux density B^^ is the same at all parts of 
the circuit, the magnetizing current will be given by 

If the magnetic circuit consists of a number of parts having 
different cross-sections and magnetization curves, the problem is 
treatcjd by determining the ampere-turns required for each part of 
the circuit and adding these to obtain the total ampere turns. 
Thus, if Zi, Zg, Z 3 , . . . denote the several magnetic lengths, F^^my 
F^cmy ^\cmy ■ * • ampere turns per cm. required to obtain the 
requisite flux densities, corresponding to a given flux, in the several 
parts of the circuit, then the magnetizing current is given by 

^vo ~ N~^2i 2cm “ 1 ' 2 cm • • ■) 

The exciting current may be determined when the losses in the 
iron core and magnetizing winding are known. Thus, if P denotes 
the total losses and E the impressed E.M.F., the power component 
of the exciting current is given by Ij, == PjE, and, therefore, the 
exciting current is given by ' 

lo - + V). 

Example. A closed magnetic circuit is built up of 0*35 mm. laminations 
and consists of two cores which are magnetically connected by yokes. The 
magnetic cross-section of each core is 100 square cm., and that of each yoke 
is 108 square cm. The magnetic length of each core is 20 cm., and that of 
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each yoke is 11 cm. Each core is wound with a magnetizing coil having 75 
turns and a resistance of 0-J8 Q. The two coils are connected in series and 
excited from a 50 cycle circuit to give a maximum flux of 1*2 X 10* magnetic 
lines in the cores and yokes. Calculate the exciting current. 

Data of the magnetic properties of the laminations are — 


Maximum flux density (^^„J (lines per .square cm.) 

11,100 

12,000 

Magnetizing ampere turns per cm. of length 



.... 

3*9 

6 

Coro loss at 50 frequency (watts per lb. ) . 

0-76 

0-88 


I 


The flux density (maximum value) in each core is (1*2 X 10®/ 100 : - ) 12,000 
lines per square cm., and that in each yoke is (1*2 X J0'7108= ) 1 1,100 
lines per square cm. 

Hence the magnetizing ampere turns (maximum value) required are 
equal to 

2 X 1 1 X 3-9 -} 2 X 20 X 6 320, 

and the R.M.S. value of the magnetizing current is 
326/(150 X ^2) -= 1*535 A. 

The weight of laminations in the two cores is 

2 X 20 X 100 X 0-28/2*54® - 08-3 lb., 

and that in the two yokes is 

2 X 11 X 108 X 0-28/2*54® > 40-5 lb. 

Whence the total iron lo^is is 

0-88 X 68-3 4- 0-70 x 40-5 -= 90-8 watts. 

The E.M.F. induced in the magnetizing coils is 

4-44 X 1*2 X 10® X 50 X 2 X 75 = 400 V. 

Hence a first aj^proxiination to the exciting current is given by 
^/[^'535^ i- (90-8/400 )®J - + 0-227®} = 1*552 A . 

and the angle by which this current leads the flux is equal to tan*^ 0-227/1-535 
or 8°. 

Since the pressure drop in the magnetizing coils duo to the exciting current 
is 1-552 X 2 X 0-18 - 0-50 V., and has a phase difference of 81° with respect 

to the induced E.M.h\ in thes(i coils, the irn})resHod E.M.F. is practically equal 
to the induced E.M.F. and the first apiiroxirnation to the exciting current 
is sufficiently accurate for practical purposes. 

Case II, in which the difsUjrtion of the wave-form of the magnetizing 
current is considered. If the magnetic circuit is a simple one 
(i.e. the magnetic cross-section and material is the same throughout 
the circjuit) the magnetizing current corresponding to a given maxi- 
mum sinusoidal flux may be determined without difficulty when 
the hysteresis loop for the given magnetic conditions is available. 
The procedure is similar to that given on p. 326 for the determination 
of the wave-form of magnetizing current. 
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Having determined the wave-form of the current necessary to 
caiTy the magnetization through a cycle, the R.M.S. value of this 
current is deduced, together with the R.M.8. values of the mag- 
netizing and power components. To tlu5 power component is 
added the component of the supply current whicli supplies the 
eddy-current loss. The exciting current is then obtained from the 
resultant power componciiit and the magnetizing component. 

This method of procedure becomes too involved when complex 
magnetic circuits have to be calculatc^l, as an equivalent hysteresis 
loop for the complete magnetic circuit would have to be deduced 
before the wave-form of tlu^ current could be determined. Moreover, 
even for simple magnetic circuits, the above method is too tedious 
for practical purposes. A shorter method, however, is available 
which, although not possessing the same accuracy as the preceding 
method, nevertheless possesses sufficient accuracy for practical 
f)urposes and, moreover, takes into account wave-form distortion 
du(^ to magnetic saturation. 

For this method, magnetization curves corresponding to alter- 
nating magnt^tization arc5 required, and when such curves are 
available the method of procedurci in calculating the magnetizing 
(!urr(uit is similar to that for a magra^tic circuit excited with direct 
curnmt. 

Th(i magiu'tizatiori curves are obtained experimentally on a 
sample of the material by measuring the exciting current and the 
pow(‘r suj>plied to the magnetizing winding at various impressed 
voltages and constant frequency. The flux and flux density in the 
sj)eciiruui are calculatcHl from the induced E.M.F., the number of 
turns in the magnetizing winding, and tlu*. magnetic cross-section 
of the specuinen. Th(^ pow(jr supplied, when corrected for the 
J'^R loss in tlie magrud-izing winding, n.‘presents the hysteresis and 
eddy-current losses in the. specimen. If thcj exciting current is 
split up into power and wattless components, the latter represents 
the equivalent magnetizing current and takes into ac'count the 
effects of hysteresis and eddy currents. 

The magnetizing ampere turns per cm. of magnetic length 
(F^ . are calculated from the wattless component (7^) of the 
exciting current, the number of turns (N) in the magnetizing 
winding and the mean length of magnetic path (Z). Thus 

. cm = 

If the exciting current is denoted by 7^, the hysteresis and eddy- 
current losses by and the impressed E.M.F. by E, then the power 
component of the exciting current which supplies the hysteresis 
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and eddy-current losses is given by 7p = PijE, and the wattless 
component is given by 

lu, = V(V - V) = - {PiiEn 

Whence the magnetizing ampere turns per cm. of magnetic 
length are 

= Niji = v[(Nw-{Nj,iin 

where F cm denotes the exciting ampere turns per cm. of magnetic 
path, and Fj , . cm ampere turns per cm. of magnetic length for 
supplying the hysteresis and eddy-currents ; these ampere turns 
having a phase difference of 90° with respect to the magnetizing 
ampere turns. 

If curv(is are plotted, showing the n'lationship between the 
maximum flux density, and F ^^, . cm • cm* have available 

a simple means for obtaining the two comj)onents of the exciting 
ampere turns. 



CHAPTER XVI 

COHMERCIAL MEASURING INSTRUMENTS 

Classification and Principles of Operation. Commercial measuring 
instruments are classified according to both the quantity measured 
by the instrument and the principle of operation. Four general 
principles of operation are available: (1) electromagnetic, which 
utilizes the magnetic effects of electric currents ; (2) electro-thermic, 
which utiltees the heating effect ; (3) electrostatic, which utilizes 
the forces between electrically-charged conductors ; (4) rectification. 

Electromagnetic instruments may be subdivided according to 
the nature of the movable system and the method by which the 
deflecting, or operating, torque is produced. The sub-classes are : 

(а) moving-iron instruments, (6) electro-dynamic, or dynamometer, 
instruments, (c) induction instruments. 

In moving-iron instrvments the movable system consists of one 
or more piecjos of specially-shaped soft iron, which are so pivot-ed as 
to be acted upon by the magnetic field produced by the current, or 
currents, in one or more fixed coils. 

In electro-dynamic instruments the operating torque is due to the 
interaction of the magnetic fields produced by currents in a systcmi 
of fixed and movable coils. The movable system of these instru- 
ments consists of one or more coils, which are so pivoted as to 
move in the magnetic field produced by the fixed coils. The currents 
in both fixed and movable coils are obtained from a common 
source. 

In induction instruments the movable system consists of a pivoted 
non-magnetic conducting disc or drum, a portion of which moves 
in the magnetic field produced by an electromagnet, or a system 
of electromagnets, excited with alternating current. The magnetic 
field induces currents in the movable disc, or drum, and the magnetic 
reaction of the induced currents and the alternating magnetic field 
produces the operating torque. 

Electro-thermic instruments may be subdivided into two distinct 
types : (a) the “ expansion ” type (commonly called V hot-wire,” 
or “ hot-strip ” instruments) in which the operation depends upon 
the linear expansion of a wire, or strip, heatt^d by a current ; 

(б) the “ thermo-couple ” type (commonly called “ thermo ” 
instruments), in which one or more thermo-couples are heated, 
either directly or indirectly, by the current to be measured, and the 
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thermo-E.M.F. is caused to operate a direct-current instrument 
of the permanent-magnet moving-coil type. 

Rectifier instruments consist of a sensitive direct-current milli- 
ammeter of the permanent-magnet moving-coil type connected to 
a full- wave metal rectifier. A small fraction of the alternating volt- 
age or current to be measured is applied to the rectifier, and the 
rectified current is measured by the milli-ammeter. 

Application of Operating Pi^ciples: Relative Advantages and 
Disadvantages. The electromagnetic principle of operation has an 
extensive application to all kinds of commercial instruments, and 
is the only operating principle which can bo employed for energy 
meters, power-factor meters, frequency meters, and synchroscopes. 

The electro-dynamic form of construction is applicable to all classes 
of measuring instruments, as well as to synchroscopes, galvano- 
meters, and oscillographs. Well-designed electro-dynamic measur- 
ing instruments possess the advantage that the instrument readings 
are practically independent of the wave-form and frequency* of 
the current passing through the instrument. The instruments can 
therefore be used on either alternating- or direct-current circuits 
without re-calibration. 

The moving-iron form of construction is applicable to ammeters, 
voltmeters, power-factor met(U’s, frequency meters, synchroscopes, 
and galvanometers. With measuring instruments, howcviir, the 
effects of hysteresis and eddy-currents in the iron ckunents will 
causes the instrumcmt readings to be affected by tlui wave-form and 
frequtuicy of the operating current, but by suitable design the errors 
due to th(\se causes may be made almost nc'gligiblr^ for commercial 
frequencies and wave-forms. Moving-iron instruments arcj, in 
general, inferior to electro-dynamic instrunu'nts with respect to 
accuracy and power consumption, but tludr first cost is lower 
than that of either eltictro-dynamic or induction instruments of 
similar range and size. 

It is important to note that, unless the electromagnetic portion 
of the mechanism of ck^ctro-dynajiiic and moving-iron instruments 
is magnetically shielded, tlio indications are liable to be seriously 
affe^cted by external magnetic fields, due, for example, to heavy 
currents in neighbouring conductors. 

The induction form of construction is applicable to ammeters, 
voltmeters, wattmeters, energy meters, and frequency meters. 
Induction measuring instruments are more susceptible to errors 
duo to frequency and wave-form than other forms of measuring 

• This atateinont applies only to frequencies within the range adopted in 
electric lighting and power supply systems. 
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instruments, and, in consequence, their application is limited to 
circuits of constant frequency. These instruments are used prin- 
cipally on switchboards, and are almost immune from the effects 
of external magnetic fields. 

Induction watt-hour meters have entirely superseded the electro- 
dynamic form for the measurement of energy on commercial 
electric lighting and power circuits. 

The electro-thermic 'principle is applicable to current-measuring 
instruments ; it has been applied to oscillographs of the hot-wire 
type and to galvanometers of the thermo-electric type. EUictro- 
thermic ammeters and voltmeters possess the advantage that the 
instrunn^At readings are independent of the wave-form and frequency 
of the current passing through the instrument ; they can, therefore, 
be used on either alternating- or dii‘ect-curr(int circuits. The 
instruments, however, possess the disadvantages of sluggishness, 
relatively high power consumption (particularly in the “ expansion ” 
type of instrument), and liability to damage with small overloads. 

The electrostatic principle is usually confined to instruments for 
measuT’ing poUuitial difference, although the principle has recently 
been applied to oscillographs. Electrostatic voltmeters possess 
two important advantages over other types of alternating-current 
voltmeters, viz. (1) the power-consumption is negligible; (2) 
the instruments can be constructed for dire(;t connection to 
high-voltage (urcuit-s. Electrostatic voltmeters also possess the 
advantage that the instrument readings are inde})endent of 
frequency and wave-form. 

Ammeteks and Voltmeters 

General Requirements. The indications of alternating-current 
ammet('rs and voltmeters must re])resent the R.JVT.S. values of the 
(current, or ])ot(intial diff{‘ren{?e, respectively, applied to the instru- 
ments. The scale divisions, therefori^, must be proi^ortional to the 
mean squared values of the corresponding currents or potential 
differences. Hence, in the case of an ammiiter or a voltmeter, the 
mean deflecting torque corresponding to a given deflection of the 
pointer must be proportional to the mean squared value of the 
current or potential difference applied to the instrument. 

Moreover, if the readings are to be correct when th^ instruments 
are used on both direct- and alternating-current circuits, the torque 
must be uninfluenced by both the frequency and the wave-form of 
the applied current or i)otential difference. 

Hot-wire Ammeters and Voltmeters. In these instruments the 
deflection of the pointer is produced by the linear expansion of a 
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wire, or strip, heated by the current (or a definite fraction thereof) 
to bo measured. Under ideal conditions the expansion is pro- 
portional to the square of the current, and if the angular deflections 
of the pointer are proportional to the expansion, the scale divisions 
will follow a parabolic, or square, law. Moreover, in such a case the 
instrument will read correctly with direct and alternating currents. 
But in practice a number of variable factors enter into the relation- 
ship between expansion and current, and the scale divisions have to 
be determined by calibration. If, however, an instrument is 
calibrated with direct current it will read correctly with alternat- 
ing current provided that during a period, or half-period, the 
temperature of the wire nunains sensibly constant. 

Construction of Hot-wire Instrument (Expansion Type). The 
mechanism* of a typical hot-wire ammeter or voltmeter of the 
expansion type, in which the double sag principle is utilized as a 
multiplying device, is shown diagrammatically in Fig. 215(a). The 
hot-wii-e, A, is usually of platinum-iridium (formerly platinum - 
silver was employ<Hl) and is stretched between supports which are 
fixed to a metallic base-plate, B, of bimetal. 

The magnifying device consists of (1) a fine phosphor-bronze 
wire, C, stretched between the hot-wire, A, and an insulated 
pillar fixed to the base-plate ; (2) a silk fibre, D, which is attached 
to C near its mid-point, lapped round a small grooved pulley, E, 
fixed to the sj)indle carrying the pointer, and is maintained in 
tension by a spring, F. The silk fibre is clamped to the y)ulle 3 ^ to 
pr(ivent slipping. Hence any change*, in length of the hot-win^ 
relatively to the base-platt* cause's an angular movememt of the 
spindle and a deflection of tlu* pointer. 

The spindle also carriers a light aluminium damping disc, Q, 
which moves in the narrow air gap of a horse-shoe magnet, H, fixed 
to the base of the instrument. 

Ammeter ranges up to 5 A. are obtained either by varying the 
diameter of the hot-wire or by dividing the wire into a number of 
sections connected in parallel. For example, for a range of 0*5 A. 
the wire has a diameter of 0*005 in., and the whole current traverses 
the wire ; but for a range of 5 A. the wire has a diameter of 0*01 in. 
and it is divided electrically into four sections, which are connected 
in parallel as shown at (6) in Fig. 216. 

For currents exceeding 5 A. the wire has a diameter of about 

• The term me.chanism applied to instruments refers to the arrangement 
for producing and controlling the motion of the pointer. It includes all the 
essential parts necessary to produce this result, but does not include the 
base, cover, scale, or any other accessories, such as series resistances or shunts, 
the function of which is to make the readings agree with the scale markings. 
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0*01 in. and is connected in parallel with a non-inductive shunt 
contained in the case of the instrument. At radio frequencies, 
however, the shunt would introduce errors, and for these frequencies 
a special form of hot-strip instrument is employed. In this instru- 
ment the current to be measured passes through a number of narrow 
and thin strips of a material having a high specific resistance. 
The strips are arranged symmetrically with respect to one another 



and the terminals (see Fig. 215c), and are adjusted to have equal 
effective induc;tanc(‘s and resistances. The distribution of current 
in the strips will, thcjn'fore, be independent of Irequency, and the 
linear expansion of one strip wdll be a mc^asun^ of the current in the 
circuit. This expansion is indicated by a pointer and scale in a 
manner similar to that adopted in the hot-wire instrument. 

Voltmeter ranges up to about 400 V. are obtained by the use of 
a fine wire (having a diameter of about 0-0016 in.) and a non- 
inductive series resistance, the current required for full-scale 
deflection being about 0-25 A. 

Thermo-couple Ammeters and Galvanometers, tn these inH^rumeuts the 
heating effect of the current is utilized indirectly to deflect the pointer. 
The mechanism of tlio ammeter consists essentially of ; (1) a moving coil 
of fine copper wire which carries a pointer and is pivoted in the magnetic 
field of a permanent magnet, the ends of the coil being connected to a 
thermo-couple; (2) a heater, of the resistance type, which is located close 
to tlio thermo-couple and through which passes the current to be measured, 
or a definite fraction thereof. In the case of the galvanometer (which is 
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of tho roflocfcing type) the coil consists of a single turn and is suspended 
by a quarts fibre. The principle of the construction is shown in Fig. 216. 

In the pivoted instrument the pivots are arranged inside the moving coil 
to allow the thermo-couple and heater to bo mounted at the end of the coil 
remote from the poititor. The control consists of a fiat spiral spring and the 
damping is electromagnetic, as in the ordinary type of 
direct current rnoving-coil instrument. 

Tho heater con.sists either of a short filament of wire or 
a grid (having on area of about 0*2 sq. cm.,) of f)latiniaed 
mica, according to the range of tho instrument. 

Amm.e,ter ranges from 10 mA. to 100 mA, are obtained 
by lioaters of different resistances, but higher ranges are 
obtained by shunting the heater with non-inductivij shunts. 
In tho galvanometer the sensil.iviiy, with a giv(*n heater, 
may be variiul by altering tho distance between tlio thermo- 
couple and the heater. 

The power taken at full-scale deflection by an unshunted 
instrument is very small (about 0-015 watt), and the 
instrunKMit will withstand safely an overload of about three 
times the normal current. 

Due to the small dimensions of the heaters, the un- 
shunt(‘d instrument and tho galvanometer possess 
extremely small self -inductance and capacity. Tlu'y are, 
therefore, particularly suitable for Jiigh-frcqucmcy nieasuro- 
memts. Moreover, the ilefiections are practically pro- 
portional to the mean squared value of the current passing 
through th(> heater, and are independent of wave-form and 
frequency. 

The instruments are standardized and calibrated on 
a direct- current circuit with the aid of standard direct- 
c urren t i n str urn en ts. 

Form of Scale. In an ideal instrument the whole of tho 
heat produced by tho current ])assing through the heater 
is radiated to tho tlu’irmo-junction. and the temperature of 
the latter is profiortional to the squans of this current. Now 
the E.M.F. of a thermo- junction is proportional to its 
temperature, and therefore the current in tho moving coil 
of the indicator will bo proportional to the square of the 
current in tlio heater. Hence, since for a permanent 
magnet moving-coil instrument (he deflection is propor- 
tional to the current in tho moving coil, the di'llection 
in the case of the thermo-ammeter will be proportional 
to the square of tlie current m the lieater. Conversely, 
tho current (7) in the heater is jiroportional to tho square-root of tho 
defiection (0) of the indicator, i.e. I — k\/0, whore k is a constant. Thus 
tho scale must bo divid(?d acc;ording to a square law. For example, if 
the full-.scale defiection is 70® and corresponds to a current of 120 mA., tho 
iiit>ermediate scale divisions ami the corresponding dofiections are as follow — 

Current (mA.) 120 100 80 60 40 20 0 

0®(=^ 70 X currentVlSOD 70 48-6 31-1 17-5 7-78 1-945 0 
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Thermo-electric Ammeters and Galvanometers with Independent Thermo 
Junctions. Instead of tho special construction, described above, in which 
the thermo-couple and heater form an integral part of the instrument, these 
parts may bc^ constructed as a separate unit and may then bo used in con- 
junction with an ordinary direct -current moving-coil galvanometer, milli- 
voltmet/cr. or micro-ammeter. In this case a greater thermo-electric E.M.F. 
has usually to be provided by the thermo- junction, and either a number of 
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thormo-couples are connected in series and heated by a common heater, 
or a single thermo-couple is eiuployod and the temperature of the heater is 
raised to about 200° C., both heater and thermo-couple being enclosed in a 
highly-exhausted glass bulb. With those independent thermo-junctions 
currents exceeding 1 A. may be measured witliout the use of shunts. 
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AND VODTMETEKS 


Construction of Moving-iron Ammeters and Voltmeters. Figs. 217, 
218 show the principlos of two forms of construction. 

In the instrument operating on the attraction principle (Fig. 217), 
the moving-iron element consists of a few discs, /?, of soft iron, 
which are fixed to a spindle, D, pivoted in jewelled bearings. The 
sj)indle also carries a pointer, P, a balance weight, IFi, a controlling 
weight, W 2 , and a damping piston, E, which moves in a curved 
fixed cylinder, F. The special shape of the moving-iron discs is 
for the purpose of obtaining a scale of suitable form. 

24— (T.5245) 
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In tho repulsion form of instrument (Fig. 218) the coil A, is cylin- 
drical and is fixed with its magnetic axis perpendicular to the base 
of the instrument. The moving-iron element, By is a small bar or 
rod of soft iron fixed parallel to, and at a small distance from, the 
spindle, which also carries the pointer, P, and damping vane, Ey 
and is pivok^d in jewelled bearings. Tho fixed iron element, C, is 
supported by a non-magnetic framework which carries the damping 
chamber and bearings and forms a clamp for tho coil. 

(kmsiderablo variations in the shape and arrangement of the 
moving and fixed iron elements are possible and are to be found 
in commercial instruments. For example, the fixed iron element 
may be a tongue-shaped piece of thin soft sheet iron' bent into 
cylindrical form and mounk»d concentric with the spindle. The 
moving iron may consist of a small piece of similar sheet iron bent 
to form a cylindric segment and fixed to the spindle so as to move 
concentrically with respect to the fixed iron tongue. The fixed 
and moving irons are so arranged that when the pointer is on zero 
the moving iron is parallel to the broadest ]:)art of the surrounding 
iron tongue, and that as the movement is defle(;t(»d it moves towards 
the narrowest part of the tongue. The form of scale dc^pends upon 
the shape of the fixed iron tongm^, and by varying the latter a 
variety of scale forms are possible. 

The instruments may be effectively shielded from the influence 
of external magnetic fields by enclosing the working parts, except 
the pointer, in a laminated iron cylinder with laminated iron end 
covers. More generally, however, the complete instrument is 
enclosed in a cast-iron case which usually gives sufficient shielding 
for practical purposes. 

An interesting form of construction is shown in Fig. 219, a unique 
feature being that the operating forces are produced by the current 
in a conductor external to the instrument. The instrument, there- 
fore, has no internal electrical parts or connections, and no terminals. 

The essential parts of the instrument comprise : (1) a laminated - 
iron magnetic circuit Ay which is provided with an air gap, Z), 
shaped to accommodate the moving-iron elements, E^', (2) a 
pivoted moving system consisting of two specially shaped elements, 
E^y E^, of soft iron, a pointer P, control spring, and damping 
vane. 

The magnetization of the magnetic circuit is produced by cur- 
rent in a single conductor located in the space (7, and the outer 
portion, B, of the magnetic circuit is removable in order that this 
conductor may be conveniently placed in position. The magnetic 
circuit is so proportioned that a minimum range of 50 amp. can 
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be obtained with a single conductor in the space C, Higher ranges 
are obtained by changing the control spring. 

The action of the instrument is very simple. Thus when the 
magnetic circuit, .B, is excited, the iron elements, Ej^, E^, tend 
to move to positions bridging the air gaps, Z), and so diminishing 



Fia. 219. Crompton’s Form of Moving -iron Ammeter, in which 
The Operating Torque is Produced by Current in an External 

Conductor 


the leluctance of the magnetic circuit. The form of scale depends 
upon the shape of these elements relative to the air gaps D. 

Ranges of Ammeters and Voltmeters. For a given moving-iron 
instrument the ampere-turns necessary to produce full-scale deflec- 
tion arc constant. Hence the ranges of ammeters are altc'red by 
changing the number of turns and size of conductor in the mag- 
netizing coil. Obviously the maximum range is reached when the 
coil is wound with one turn. This range is of the order of 300 A. 

With voltmeters the range may be altered by changing the number 
of turns, but with a given instrument the range may be increased 
by connecting a resistance in series with it. Hence the same coil 
winding specification may be employed for a number of 'ranges. 

Data of Moving-iron Instruments, (1) A commercial moving -iron voltmeter 
of the type shown in Fig. 217 has a range of 120 volts. The operating coil is 
wound with 3000 turns of No. 35 S.W.G. copper wire (diameter == 0*0084 in.), 
the resistance being 140 ohms at 20® C., and the series resistance — of Eureka 
(constantan) wire— has a resistance of 1060 ohms, giving a total resistance 
for the instrument of 1200 ohms at 20® C. 
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Tho inductance of the operating coil is 0-141 H. with the moving system 
in its zero position, and 0*1533 H!. when the moving system is deflected to 
the full scale position. The inductances corresponding to intermediates 
positions of tho moving system are given in the following table, together 
witli data from which the form of scale can be determined. 


Scale reading (volts) 

0 

40 

60 

80 

100 

120 

Deflection (degrees) 

0 

11-7 

29 

47-1 

61 

75 

Inductance (lienries ) 

0-141 

0-142 

0-1455 

0-1495 

0-1517 

0-1533 


The following calculated data refer to the operation of the instrument 
when used on a 50-cycle, 100-volt, circuit of sinusoidal wave-form. 

Power loss in instrument = 100®/ 1200 = 8-33 W. 

Reactance of instrument ^ 314 X 0-1517 — 47-6 Q. 

Ratio : reactance /resistance -- 47-6/1200 = 0-0397 

Impedance of instrument at 20® C. ~ '\/(1200® + 47-6®) = 1200-911. 

Power factor = 1200/1200-9 = 0-99885 

Operating current at 20° C. — 100/1200*9 — 0-083237 A. 

Ratio • current at 100 V., 50 frequency 99 gg 5 

operating current at 100 V., zero frequ(^noy 
Power expended in operating coil at 20° C. — 140 x 0-083® — 0-97 W. 
Resistance of instrument at 50° C = 1000 -f 140 [1 1 (50 - 20) X 0-0039 J 

= 1216-511 

Thus tlio frequency and temperature errors are negligible for practical purposes. 

(2) A commercial moving-irou ammeter^ for ti range of 10 amp. and of tlu? 
type shown in Fig. 217, has the operating coil v/oimd with 29 turns of No. 14 
S.W.O. copper wire (diameter = 0-08 in. ), the resistance of which at a 
temperature of 20° C is 0-015 0. 

The inductances of the instrument with the moving system in a number 
of positions are given in the following table, together witli the corresponding 
scale markings and angular deflections — ■ 

Scale reading (amp. ) 0 2 4 6 8 10 

Deflection (degrees) 0 6 16 36 66 73 

Inductance (//II.) . 16-4 — 10-6 17-1 18-1 19-7 

The following calculated data refer to the operaiion of the instrument, at 
full-scale reiwhng (10 A.), on an alternating-current circuit of 50 frequency 
and sinusoidal wave-form- — 

Power loss - 1-5 W. Power factor - 0-93 

Reactance — 0-006 11. Pressure drop - 0-1 61V. 

Imjjetlance = 0-01 61 12. | Volt-amperes J*61 

Compensation for Frequency Error in Moving-iron Voltmeters. Tlie effect of 
changes in frequency upon the readings of moving-iron voltmeters — as 
ordinarily arranged with a non-inductive resistance in series with tlio fixed 
coil — results in an error which increases as tho frequency increases, the error 
being due to the change of impedance of tho instrument with change of 
frequency. 

If, however, an instrument is required to give accurate readings on an A.C. 
circuit of a particular frequency as well as on a D.C. circuit, the frequency 
error may bo compensated by connecting a condenser in parallel with the 
series resistance of the instrument as shown in Fig. 220. In this case the 
condition to be satisfied is that the numerical value of the impedance at the 
particular frequency shall he equal to the total resistance of the instrument. 
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Thus, if L denotes the inductance of tho operating coil corresponding to the 
scale reading at which compensation is desired ; the resistance of this coil ; 
R^, the non-inductive series resistance and C the capacitance of the condenser, 
then for compensation at a frequency (u/2tu we must have 


« + *. - V[ (* + - T+Si-s?)’ ] 


Difficulties arise in the solution of this equation for C, as the fourth power 
of this quantity is involved. 

If, however, the resistance {R) of tho operating coil is small in comparison 
with that of the series resistance a close approximation to complete 

compensation is obtained when 


- A ( n-rfU,. )' + “ r+Ssk>)' ] 


the solutic^i of which gives 


C 


Liv'12- 

R{^ - co^L^ 


1 ) 


o-WSIM^ 

L R 


mmmr- 

c 


Example. A moving-iron voltmeter 
with a maximum scale reading of 
1 20 V. has a total resistance of 200011 
of which 200D is in the operating (;oil. 

Tho inductance of the latter wlien tho 
scale reading is 100 is 0*45 H. Calculate 
the capacjitance of the condenser with 
which the series resistance must be 
shimted in order that tlie JOO-V. scale 
reading shall bo correct on both D.C. 
and 50-cycle A.C. circuits. 

To fulfil the specified conditions the inijicdance of the jnstrument at 50 
frequency must equal 2000 ohms. Substituting ajiiiropriate values for a>, L, 
in the above equation wo obtain 


Fia. 220. Connections foh Method 

OF (-OMPEN8AT1NO FUEQUENOV 
Kitiiou IN Moving -IRON 
V 01.TMETER 


C = 10« X 


0-45(V[2- (314 X 0-45/1 K00)21- 1) 
18002 - (314 X 0-45)«‘" 


= 0-0576/^ F 


It will bo of interest to calculate symbolically tho impedances of the com- 
pensated and uncompensated instrument for a frequency of 50 cycles per 
second. 

The impedance of the compensated instrument is 

R / R ^ \ 

^ "* 1 4 

Whence Z = 1998-1 + j82-8 

and Z — 2000 Q. 

The impedance of the imcompensated instrument is 

Z == R -i- Rj^ + jwL 

- 2000 -f jl41-5 

Whence Z - 2005 Q. 


Electro-dynamic Ammeters and Voltmeters. All electro-dynamic 
instruments depend for their action upon the dynamic force between 
adjacent conductors, or coils, carrying electric currents. The 
application of this principle to measuring instruments is due to 
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Kelvin and Siemens, and their instruments — the current- balance 
and the electro-d 3 mamometer — are of the non-defiectional type. 

Constrmtion, In deflectional electro-dynamic ammeters and volt- 
meters the moving coil is wound with fine wire and is mounted on 
a spindle which carries the pointer, control springs, and damping 



A , fixed coils ; B, moving coil ; 7>, damping chamber and vanes ; P, pointer ; 
5, control springs. ] 

Note. The mechanism of an actual instrument is shown in Fig. 234. 


vane or piston. This coil is usually pivoted Avithin a pair ot coaxial 
fixed coils (Fig, 221), which, in an ammett^r, are wound with thick 
wire, and are connected in parallel with the moving coil. In a 
voltmeter the fixed coils are wound with thin wire and are connected 
in scries with the moving coil and a non-inductive resistance. 

In general, no iron is employed in the magnetic circuits of the 
coils, but instruments have been constructed in which a laminated- 
iron magnetic circuit for the operating coils forms an essential part 
of the instrument. 

The controlling force is supplied by a pair of flat spiral springs, 
which also act as the leadiiig-in connections for the moving coil. 
The damping is pneumatic. 

Skidding. Electro-dynamic instruments in which iron does not 
form an essential part of the operating mechanism may be effectively 
shielded from the effects of external magnetic fields by enclosing 
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the mechanism (except the tip of the pointer) in a laminated iron 
hollow cylinder with closed ends. When using such instruments 
on direct-current circuits, the current through the instrument 
should be reversed and the mean of the two readings taken. In 
this manner the effect of the magnetic condition of the shield on 
the instrument readings is eliminated. 

Ranges of Ammeters and Voltmeters. A given size of instruments 
requires a definite number of ampere-turns to be supplied by the 
fixed and moving coils to obtain a full-scale deflection. Hence, with 
milli-ammeters, in which the fixed and moving (;oils are connected 
in series, the rangt^s are altered by changing the number of turns and 
size of coi^ductor in the fixed and moving coils. 

With ammeters in which only a fraction of tho ratc^d current is 
carried by the moving coil, the range is altered by changing the 
fixed coils, and in instruments in 
which two fixed coils are em- 
ployed (Fig. 221), a double- 
range instrument may be 
obtained by connecting these 
coils either in series or in paral- 
1(*1, the internal conm^ctions 
(whic;h are so arranged that 
th() changes may be (dfected 
by either plugs or links) being 
shown in Fig. 222. The maxi- 
mum range for which amme- 
ters are usually constructed is 
200 A. 


Terminals 
$*/ 



Links 


^MovingfCoit 
Fixed Coils ' 

Fig. 222. Connkctjons op Dotjdle- 

11ANGJ33 FlECTRO-OYNAMTC AmMKTER 

[I’or hlulior rangt*, connect A ~Ji, (I- D by links; 
for lower range, connect li-C by links.] 


With voltmeters the range is altered by changing the number of 
turns in the coils and the value of the series resistance, but the 
range of a given instrument may be increas(*d by connecting 
additional resistance in series with it. For example, the range of 
a given voltmeter may be doubled by connecting in series with it 
a non-inductive resistance equal in value to the original resistance 
of the instrument. The loss in the instrument and series resistance 
is thereby doubled for a given scale reading. 


Theory of Electro-dynamic Ammeters and Voltmeters. Witli instrumonts in 
which the moving coil is circular and is jjivotod centrally in^a short fixed 
solenoid or coil, as in Fig. 221, tlie torque acting upon the moving coil 
can be easily calculated if the flux density is assumed to bo constant through- 
out the space occupied by the moving coil. Denoting this flux demsity by 
By the current in the moving coil by /j, the force acting upon an element, of 
length idiiy subtending nn angle da witli respect to the centre of the coil. 
Fig 223, is given by dF = k^UI^ rda sin a, where is a constant involving 
the system of units, and a denotes the angular position of the element with 
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respect to the pivotal axis of tlio coil. Hence, the torque duo to the element 
is given by 


r 

a 


smce 


= dF r sin a 8in(^ -f 0) = ?•* da sin® a sin(^ H- 0), 

where 0 is the angular deflection of the coil from its zero position, and /5 is 
the angle between the plane containing the zero position of the moving coil 

and the piano which contains the 
pivotal axis and is perpendicular to 
the Ilux. Therefore the torque for the 
whole coil of Wj turns is 

BT, sin(/? f 0) X 

sin® a . da = Ttr® BT^ + 

/'Itt . , 

I sin® ada " 7r/4. 
o 

Now nr^B is equal to the flux (^P) 
linked with the moving coil when its 
magnetic axis coincides with that of 
the fixed coil (i.e. wlnm ((i 0) -- i) 

and {P 0) - tt) and if denotes 
the mutual inductance under these 
conditions, 0 = X 10^ 

Tlierefore the torque is given by 

0) 

sin{/i + 61) . . (170) 

where " ^i ^ 10“**, and / -- L = 

i.e. the coils are connected in series. 

Now, the mutual indue; tniice of the 
colls corresponding to a deflection 0 is 



Fio. 223. Pertatnino to Theory 
OF Electro - iiYNAMic 
Instrument 


f 0 ) 

since, when [i -\- 0 ~ 0, the mutual inductance = - itfj]. Whence the rate 
of change of mutual inductance with respect to the deflection is 


\ 0) _ _ d cos (P -h 0) 

"diP + f^) ” ^~d{p+e) 


M^Bm{p + 0) 


Therefore equation (176) may bo written in the form 




k-^Ii^ 2 


d{P -\r 0) 


(176a) 


Form of Scale. If the control 'is due to flat spiral springs, the controlling 
torque is proportional to tlio angle of deflection, 0, and for equilibrium. 


or ifcoMji Psin (^ + 0) = AjgO. 

Wlienoe I‘ = k ^ , Q)/rf(^ + 0) 

*' I — k ^ ^ • 

Typical scales calculated from this equation are shown in Fig. 224. 


( 177 ) 



COMMERCIAL MEASURING INSTRUMENTS 361 

Conditions for Tnstrufnent Readings to he Unaffected by Frequency and Warn- 
form. The principal conditions are: (1) the currents in the fixed and moving 
coils must either be equal or have a constant common ratio ; (2) eddy currents 
in the coil supports and conductors must be reduced to a minimum ; (3) the 
reactance of tlio instrument, when used as a voltmeter, must bo very small 
relatively to its resistance, and the latter must be constant at all temperatures. 

With voltmeters those conditions are satisfied by (i) connecting the fixed and 
moving coils in series ; (ii) designing these coils for a pressure drop which is 
only a small fraction of the range of the instrument ; and (iii ) connecting in 



Fig. 221. Theoristical Scale-forms for Electro-dynamic 
Ammeter 

series with thorn a non-inductive resistance having a zero temperature- 
resistivity coefficient. 

Wnh ammeters for ranges above about 250 rnA. the moving coil cannot be 
conn(‘Ct.ed in series with the fixed coil (on account of the control springs Ixiing 
imsuitablo for curronts above about 250 mA.). Therefore the moving coil 



Fio. 225. Alternative Methods of Connecting Fixed and 
Moving Coils in Electro-dynamic Ammeter 

must bo connected either m parallel with the fixed coils. Fig. 225(a), or across 
a shunt which is connected in series with the fixed coils, Fig. 225(6). 

In the instrument with a shunted moving coil, Fig. 225(6), the shunt is 
designed for a relatively large pressure drop (about 0-5 V. in a 5 A. instru- 
ment) and only a fraction of this pressure is utilized for operating the moving 
coil, a non-inductive resistance being connected in series with the latter. 
Hoth shunt and non-inductive series resistance are constructed of materials 
having zero ternjierature -resistivity coefficients. For extreme^ accuracy the 
shunt should be adjusted to have the same ratio of resistance to inductance 
as the moving-coil circuit. 

With the instrument in which the moving coil is connected in parallel wdth 
the fixed coils, Fig. 226(a), the conditions which must be fulfilled are : (1 ) thci 
ratio (resistance /reactance) must have the same value for each branch; 
(2) the percentage change of resistance with temperature must be the some 
for the two branches. 
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To satisfy the first condition we must have 

f Ri “ j ~ RifRz* 

where are the effective inductances of the fixed- and moving-ooil 

circuits, respectively, and R^^ R^, the resistances of these circuits. 

Now 

= Ir, ± M, La == L^ ± ilf, 

where L^, L^, denote the true self -inductances of the fixed- and moving-coil 
circuits, and M denotes their mutual inductance. 

Hence for the ratio L^ /L.^ to be constant when Lf ijz L^, M must be either 
zero or constant. Alternatively, if M is variable, Lf and L^ must be equal. 

With all deflectional instruments, however, the mutusl inductance varies 
with the relative positions of the moving and fixed coils. Wlien the axes of 
these coils ore perpendicular to each other the mutual inductance is zero ; 
for other jjositions, to the right or left of this position, the mutual inductance 
increases as the angular, displacement between tVie coils increases, and may 
have either positive or negative values. * 

in order that the ratio of currents in the fixed and moving coils shall be 
unaffected by temperature variations, the percentage change of resistance 
with temperature must be the same for both circuits. This result is best 
obtained by connecting in series with the coils (which are wound with copper 
conductors), resistances having zero resistivity-temperature coefficients. 

Thus, both forms of electro-dynamic ammeters must have relatively large 
losses (5 to 7 W. at full scale) if the readings are to bo unaffected by variations 
of frequiiiioy and temperature. 

DcUa of Electro -dynamic Instruments. A voltmeter has a range of 120 volts 
and a resistance of 1550 ohms at 20® C., of which 77 ohms is due to the 
resistances of the fixed and moving coils (which are wound with copper wire) 
and the remainder — 1473 ohms — is a non-inducuvo resistance of Eureka. 

The inductances of the instrument (measured at 50 frequency) for a 
number of positions of the moving system are given in the following table, 
together with the corresponding scale markings and angular deflections. 


Scale reading (volts) 

0 

40 

60 

80 

100 

120 

Angular deflection (degrees) 

0 

7 

13-8 

24 

371 

54 

Inductance (mH. ) 

70* 1 

72*5 

74-8 

78-3 

82*8 

88-6 


The inductance of tlie fixed coil is 74-5 mTI., and that of the moving coil 
is 2-2 mH. 

The mutual inductance of the fixed and moving coil circuits may be 
calculated from the above data. Thus, if the mutual inductance is denoted 
by Af, the self -inductances of the fixed and Tiioving coils by respectively, 

and the self -inductance of the instrument by L, we have 
L = L, -f L^ :h 2M 
Whence A/ - ~ + ^^m)) 

The calculated values of M for different jjositions of the moving system are 

Scale reading (volts) 0 40 60 80 100 120 

Mutual inductance (rnH ) -3-3 -2*1 -0*95 + 0-8 + 3-05 -f 6*95 

These values, when plotted against angular deflection, give a straight 
line (i.o. dM fdO is constant), and theoretically the instrument should have 
a “ square-law ” scale. The actual scale closely follows the square law. 

The following calculated data refer to the operation of the instrument when 
used on a 100-volt D.C. circuit and a 50-cycle, 100- volt A.C. circuit. 

Power loss in instrument == 100*/1560 = 6*45 W. 

Reactance of instrument 314 x 0*0828 = 26 
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Irapodance of instnament afc 20® C. — ^(1550* + 26*) = 1550 22 

Operating current at 20® C., 60 frequency = 0 064491 A. 

Operating current at 20® C., zero frequency = 0*0645 A. 

Ratio : f SO frequency ^ ^ 

operating current at 100 V., zero frequency 

Hence when the instrument is used on the alternating- current circuit the 
error is only - 0*014 per cent. 

A 5 A. precision ammeter of the typo illustrated in Fig. 221, with the 
internal connections arranged as in Fig. 225 (6), has a resistance between 
terminals of 0*188 Q. at 20° C., of which 0*073 Q. is duo to the fixed coils, 
and the remainder is the joint resistance of the parallel circuit formed by 
the moving coil aiid the manganin shunt. The moving coil itself has a 
resistance of 0*7 Q., and the manganin resistance connected in series with 
it has a resfetance of 4*1 Q. The resistance of the shunt is 0*118 

The self -inductance of the fixed coDs is 0*16 iriH., and that of the moving 
(3oil is about 1 /xH. The mutual inductance of the fixed and moving coils 
is of the order of 1 /iH. Data from which the form of scale may bo 
determined are as follow — 

Scale reading (amp. ) 0 1 2 3 3*5 4 4*5 6 

Dofleotion (degrees) . 0 2*5 12*7 32*8 45*5 59*6 74 86 

The following calculated data refer to the operation of the instrument at 
full-scale reading (5 A. ) on an alternating-current circuit of 50 frequency 
and sinusoidal wave -form — 


Power loss ....... 4*7 W. 

Hcactance (assiuniiig A — 0*16 inH. ) . . 0*05 fi. 

Impedance ( „ »» ) . . 0*1945 Q. 

Pressure drop ...... 0*94 V. 

Induction Ammeters and Voltmeters. In those instruments the 
dc'hocting torque is duo to eddy curnnits inducjiul in a pivoted disc, 
or drum, by a shifting or travelling magnetic field produeed by an 
alternating-current electromagnet. With both forms of instrument, 
spring control and electromagnetic (eddy-current) damping are 
(‘in ployed, the magnetic field for damping purposes btdng supplied 
by a jx'rmanent magnet. 

Construction of Disc Instrument/^ The arrangement of the essential 
])arts of a disc iiistruiiKuit is shown in Fig. 226. The aluminium 
disc, (7, is fixed to the spindle which carries the pointer, and is 
pivoti^d in jewelled bearings. Th(5 operating electromagnets, A, 
B, are mounted adjacent to each other with their pole faces parallel 
to, and on either side of, the disc. The magnets have series windings 
for an ammeter and shunt windings for a voltmeter. Bojh windings 
are connected in series, but one winding is shunted with a non- 
inductive resistance so as to produce a phase difference of about 


* This instrument (due to Ookenden and made by Messrs. Everett-Edg- 
cumbe) is of modern design, with special compensation for frequency and 
temperature. 
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60° between the fluxes of the magnets. A traveJIing field is, there- 
fore, produced in the air gaps, and this field cuts the disc. The 
resulting eddy currents react with the field and produce torque, 
thereby causing the disc to move against the restraining force of 
the control spring, the movement being damped by the permanent 
magnet D. The disc is shaped so as to make the torque almost 
proportional to the deflection over a large portion of the 300° scale. 



Fig. 226 . Aiiuangement of Electric and Magnetic Circcits (a) 
AND Vector Diagram (b) or Disc-type Induction Ammeter 
(Ei'erett, Edycurnbe tk Co.) 


This result is obtained by arranging that as the flux in the magnets 
increases (due to an increase in current), the surface of the disc 
between the polo faces decreases approximately in proportion to 
the increase in the flux. 

The vector diagram is shown in Fig. 226 (6). 01 represents the 
current in the unshunted winding ; OOj, the corresponding flux ; 
01 2 , the current in the shunted winding ; OOg, the corresponding 
flux ; and 0/„ the current in the non-inductive shunt. 

Errors due to variation of frequency and temperature are com- 
pensated by the design of the shunted magnet, which is so arranged 
that — (1) an increase in frequency produces a corresponding decrease 
in the flux cutting the disc, without affecting appreciably the phase 
difference, thereby neutralizing the tendency for the E.M.F. induced 
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in the disc to increase due to the increased frequency ; (2) an increase 
in temperature causes the same percentage variation of resistance 
in both disc and shunt, this result being obtained by making the 
shunt of the same material as the disc. 

Construction of Drum Instrument. In the Lipman form of in- 
strument, Fig. 227, a thin cylinder or drum, A, of aluminium, is 
pivoted in the air-gap between the poles of external and internal 
electromagnets, B and C, respectively. A permanent magnet, /), 
provides damping. 

The external electromagnet is wound with both primary and 
secondary windings, F, respectively. The primary winding, E, 
is designed for series connection in an ammeter and for shunt con* 
nection (together with a suitable 
series resistance) in a voltmeter. 

The secondary winding, F, is of 
low resistance and is connected 
directly to the magnetizing winding, 

Gf on the imier electromagnet. 

The flux produced by the external 
magnet, F, is proportional to, and is 
practically iji phase with, the current 
in the primary winding. This flux 
takes the path (shown by the chain- 
dotted hue) through the unwound 
poles of the inner magnet. 

The flux produced by the inner 
magnet is proportional to, and in 
jjhase with, the current in the mag- 
netizing winding G. Since this cur- 
rent is obtained by transformer 
action, it will have a phase difference of nearly 90 from the cur- 
rent in the primary winding. Hence a travelling field is produced in 
the air-gap between the poles of the internal and external magnets, 
and a torque is produced on the drum. 

Ranges of Ammeters arid Voltmeters. Since the deflecting torque 
is due to an electromagnet, a d(^finite numbcjr of ampere-turns are 
required, with a given instrument, to obtain a full-scale deflection. 
Hence, with ammeters, the number of turns and size 'of conductor 
in the exciting coils must be chosen with reference to the range 
required. The maximum range for a direct-connected instrument 
of the above types is about 26 A., above which low range (6 ampere) 
instruments must be employed in conjunction with current trans- 
formers. 



I^iG. 227. Arrangement of 
Electric and Magnetic 
Circuits of Drum-type 
Induction Voltmeter 
{Nalder Bros. & Thompson) 
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With voltmeters, the exciting coil is wound for a lower voltage 
than that corresponding to the maximum scale reading, and a 
non-inductive resistance is connected in series with the winding 
for the purpose of reducing errors due to variations of frequency 
and temperature. 

Data of Induction Instruments. (1) The following data refer to a 50-cycle 
ammeter, range 0-5 A., of the type shown in Fig. 226. 

Scale reading (amp.) 0 1 2 3 4 5 

Deflection (degrees) 0 20 80 158 227 294 

At full-scale reading — 

Voltage at instrument terminals = 1*5 V. Power loss = 5-5 W. 
Impedance = 0*3 Q. Volt-amperes = 7*5. 

(2) The following data refer to a 60-cycle voltmeter, range 0-12^ V., of the 
type shown in Fig. 227. 

Scale reading (volts) 0 40 60 80 100 110 120 

Deflection (degrees) 0 32 78 1.38 219 255 280 

Resistance of primary winding (20® C.) = 79 Q ; total resistance of 
instrument = 1150 Q. 


At full-scale reading — 

Operating current = 100 mA. Power loss = 11-5 W. 

Impedance =- 1200 Q. Volt-amperes = 12. 

Theory of Disc Type Induction Ammeters and Voltmeters. The theory of 
these instruments may be developed fairly simply by assuming the fluxes to 
vary sinusoidally ; by neglecting the offocts of magnetic saturation, hysteresis, 
and core loss in the operating electromagnet ; and by assuming that the paths 
of the current in the disc are unrestricted by its dimensions. 

Torque. To obtain an expression for the torquo, it is first necessary to 
dotormino the resultant force acting upon the disc. This force is the difference 
between the forces duo to the interaction of (1) the flux in the shunted polo 
and the induced current duo to the flux in the unshuntod pole; and (2) the 
flux in the unshunted pole and the induced current due to the flux in the 
shunted pole. Obviously, only the currents in the portion of the disc under 
the pole faces need be considered. 

The E.M.F. induced in the disc by the flux of the unshunted pole is 

X 10 ® .sin(6C^ - Jtt), 

and that due to the flux in the shunted pole is 

Sj == - 10 * X X 10 ® sin(coi - y - Jtt). 

Each of these E.M.Fs. may be considered to act independently in prodiKung 
currents in the disc. Assuming each current to circulate in a circular path 
concentric with the pole face at which the inducing flux is produced, and 
neglecting the inductance of those paths, the current in an eloment of the 
disc (see Fig. 228) under the shunted pole is 
di^ -- Cj / (27r.cp / d dx), 

whore dx is tho width of the element, x its radius, d the thickness of the disc 
(assumed to bo uniform), and p tho specific resistance. Hence the current 
in the portion of disc under tho shunted pole is given by 


r"'i! 

J.n, ■ 






where a is the distance between tVie centres of the poles and b is the breadth 
of each pole -face. 



COMMERCIAL MEASURING INSTRUMENTS 367 


Similarly, the current in the portion of the disc under the unshunted pole is 

Substituting for c, and r, in terms of and we have 
~= sin(a>f - iTT), 




sin(a)i - y - Jtt), 


where / is the frequency ( coj^n) and k - ^irk^ V 10 

The instantaneous values of the forces due to the interaction of these 
currents and the fluxes are 

7^1 = t\) *2 ^ilbd 

for the portion of the disc under the unshuntod pole, and 
fi ~ 3^0 H ^^Ibd 

for the portion of the disc under the shunted pole, d being the transverse 
width of each jiolo face. 

Ft — F^-Fy^ fc2(//p)^^im *^''’mrsin(o)f-y) 8in(fef-^7r)-sina>f sin(wf--y-i7T)J 

sin (tof - y ) cos iot + «in Oit cos(a>f - y ) ] 

" ^2if I pV^im y ~ y ) 

+ sin tot (cos cot cos y + sin oit sin y) ] 

= ®i.nS'ny 

Tliereforo the torque acting upon the disc is 

S’rt = (178) 

where the constant k' involves ky and the radius of tlie resultant force with 
rtjspect to the yiivotal axis of the disc. 

Observe that the time angle cot does not appear in this expression, and 
therefore the resultant force does not alternate or jmlsate but has a constant 
value for given conditions. 

In an uncompensated instrument, cl>j and (hg are independent of f and p, 



I I 


Fk;. 228. I’iiiKT.^iNiNo TO Calculation of Currents in Disc of 
Induction Instrument 


BO that the readings of such an instrument would be affected by variations 
of frequency and tomperatiu’c. 

The effect upon the torque of the inductance of the current paths in the 
disc may be allowed for in the following manner : Lot L denote the inductance 
corresponding to the mean current path in each of the zones already con- 
sidered. Then tlio imjiedance of each current patli is equal to " 

^/(R^ + co^L^) ^ + (o^L^jR^) = 7 ? a /(1 + 

where t L(R and R^ is the resistance of each current path ( = ejiy ^ 
Hence, if q> is the phase difference between the currents and the E.M.Fs., the 
torque is now given by 

P(1 +^a<VM 


(178a) 
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The value of r, however, is usually sueli as to make the term small 

in comparison with unity for the range of commercial supply frequencies, and 
under these conditions the inductance of the current paths in the disc has 
little effect upon the torque. 

Form of Scale. Considering the case of constant frequency and ternijerature, 
the deflecting torque, as given by equation (178), may be written 

sin y 

Since the controlling torque is duo to a spring, we have 0, where 

6 is the angle of deflection. Hence, for equilibrium, — S'g, or 

<I>im 'I’sm sill y - k^e. 

Now when the otfocts of magnetic saturation, hysteresis, and eddy currents 
in the operating magnet are ignored, we may write d>i,„ 02 ni y = 
where I is the current. Whence, from the preceding equation, 

Q = kl^ 

or I = ky/0. 

Thus tfie scale must bo divided according to a parabolic law, and, in 
consequence, the divisions at the upper limit of 1-he scale are considerably 
more extended than those at tlie lower limit. Jii order to obtain a more 
uniform scale, the disc is cam-shaped, so that- the surface of the portion 
acted upon Viy the operating magnet decroas''s as the deflection increases. 

Electrostatic Voltmeters. In these instruments the deflecting 
torque is due to tht; electric force (attraction or repulsion) between 
two charged condiK^tors. Tlu^ instruments, theridons are frees 
from errors due to magnetic and heating effects, frequency, and 
wave-form. Moreover, by suitable design, electrostatic instruments 
may be employc^d for the direct iiK^asurement of high voltages 
with a high degree of acc-uracy and witli an almost iK'gligible 
expenditure of energy. P]l('-ctrostatic instruments, particularly 
those for low-voltage circuits, are characterized by the smallness 
of the operating torqiu^ in comparison with that of electromagnetic 
instruments, and, in consequence, special features are necessary to 
avoid errors due to pivot friction ; for (ixamplt^, the moving sysUun 
may be supported by a unifilar or bifilar suspimsion instead of b(dng 
pivoUid, or, alternativedy, knife-edge supjiorts may be employed 
instead of pivots. 

Co7istruction. The majority of electrostatic voltmeters arc vir- 
tually modified forms of the Kelvin electrometers (quadrant and 
attracted -disc, or absolute, types). The simiflest form of Kelvin 
instrument (Fig. 229), which is suitable for pressures from about 
800 to 10,000 volts, is a modified form of quadrant electrometer. 
It consists essentially of a single flat paddle-shaped aluminium 
“needle,” A, which is connected to one terminal and is supported 
on knife edges, so as to swing between two vertical quadrant plates, 
By which are both connected to the other terminal of the instru- 
ment. A pointer, P, is attached to the upper extremity of the 
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needle, and the lower extremity is extended into a curved arm, C, 
to which the lever, D, carrying the control and balance weights is 
attached. Carefully adjusted weights (supplied with the instru- 
ment) may also be hung from the extremity of the arm so as to 
increase the controlling force and thereby extend the range of the 
instrument (which is designed for test-room work). 

The damping device is operated by the observt'r and consists 
of a stiff horizontal wire, H, which can be brought lightly against 



(a) {b) 

Fio. 229. Kelvin Electrostatic Voltmeter 
( a) View of iiistninioiit sliowiuj; tinfoil screon ; (6) Diagrnm Khowing esaentiul parts 
(Kelvin, liottmUey <b Baird) 

the back of the pointer and thereby damj) the movements by 
mechani(;al friction. This wire is suspended so as to hang normally 
clear of the pointer and is operated from the outside of the case 
by an insulated lever. 

Low-voltage instruments^ in which flat needles are employed, are 
of the multi-cellular type with a suspended moving system 
Twelve or more needles, and a corresponding number of pairs of 
fixed quadrants, may be necessary, according to the range. The 
suspension usually consists of a fine phosphor-bronze wire or strip 
which supplies the control. Liquid damping is employed. 

25— (T.5345) 
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An alternative construction (due to Ayrton and Mather) employs 
a cylindrical “ needle and fixed cylindrical segments concentric 
with the needle. The needle is mounted vertically in pivots which 


enable a very small clearance to 



Fig. 230. Extiia High-voltage 
Flectkostattc Voltmeteh 
(Kelvin, Bottotnley & Jlaird) 


Gravity control is employed, and 
are enclosed in a metal case, which 


be adopted between the moving 
and fixed parts. Spring control 
and pneumatic damping are 
employed. 

Extra-high voltage instruments 
(for measuring voltages above 
20,000 V. ) are usually modifica- 
tions of the absolute, or attracted 
disc, electrometer. Special pre- 
cautions must be taken in the 
design to shield the working parts 
from the influence of neighbour- 
ing conductors, to avoid the for- 
mation of brush discharges, and 
to secure adequate insulation . 

The essential parts of one form 
of instrument are shown dia- 
grammatically in Fig. 230. The 
fixed disc. A, is of aluminium, 
the edges being tumed-up and 
rounded. It is mounted hori- 
zontally upon an insulating pillar 
lixt'd to a substantial slate base 
The moving disc, i?, is dished 
to a spherical shape and is sus- 
l)ended from a lever fixed to a 
horizontal spindle whicjh carries 
the poinUu’, and an aluminium 
sector, G, which moves betwetm 
the poles of a permanent magnet, 
and provides the damping, 
the whole of the working parts 
is provided with a small window 


for observing the scale. 


Theory of Electrostatic Voltmeters. Coii»ider an instrument of tlio quadrant 
type having a single needle and a pair of tlouVile quadrants arranged sym- 
metrically with respect to the needle. I’ho instrument is then equivalent to 
a condenser, the capacitance of which varies with the deflection of the needle. 
Let C be the capacitance when the deflection is 6 and the voltage between 
needle and quadrants is E. Then the energy of the system is given by W 
iCE*. Let the deflection be now increased by 60 due to an increase of 
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voltage SEf and let dC bo tho change in capacitance. Then the increment in 
energy is 

dW -- ^dC{E + 6E)^. 

Hence if is the torque corresponding to the deflection 0 and the 
increment in torque, the work done in increasing the deflection of the 
system is 

Whence + SS^)de = idC{E + dE)\ 

or "1- SC I (W. 

and, in tlio limit, 

^ = iEMCldO 

Mvltipliers for Electrostatic Voltmeters The range of a low- 
voltage instrument may be extended by means of a reMstance 


(«) 

Fig. 231 . Alternative Forms of Condenser-multiplier for 
Fi.eotrostatto Voltmeter 

multiplier (or potential divider), in which the voltmeter is connected 
across a dcfiiiito fraction of a high non-inductive resistance (of 
from 10,000 to 100,000 H), which is connectiMl across the supply 
circuit. 

For high-voltage circuits condenser -multipliers are employed. 
Two methods of connection are possible; in one case, Fig. 231 (a), 
a condenser of suitable capacitance is connected in series with the 
voltmeter ; in the other case, Fig. 231(6), two or more condensers 
are connected in series across the supply circuit and the voltmeter 
is connected across one of them. 

With the first method, the additional capacitance required is 
extremely small and may only be a fraction of the capacitance of 
the voltmeter itself. In consequence, the multiplying factor will 
vary with the deflection of the voltmeter owing to the variation of 
the capacitance of the latter. 

The capacitance of the condenser-multiplier is easily determined^ 
Thus, if the reading, v, of a voltmeter is to represent the voltage, 
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and the capacitance of the voltmeter at this reading is ih© 
capacitance, (7, of the condenser-multiplier is given by 

mC\v = m ^ 

V C 
v~c -I- a, 

whence C ~ / ( F - 1 ) 

For example, if the “ 100 ” reading of a 120 V. voltmc^ter is to 
represent 10,000 volts, and the capacitance of the voltmeter at this 
reading is 10 /ifiF.l the capacitance required for the, condenser- 
multiplier is equal to [70/(100 - 1) ~] 0*707 fi/jiF, 

With the alternative method shown in Fig. 231 (b), the effect of 
the variation of the (capacitance of the voltmeter may be made 
extremely small by arranging that the capacitance of the condenser 
across which the vcdtmeter is connected is large in comparison with 
that of the voltmeter itself. Linder these conditions. 

For example, if = 1 ^(F. (i.e. 100 times the capacitance of the 
voltmeter in the preceding case), and V jv 100, 

(7, = 7/(100-1) 0*707 i/F 

With all condenser-multipliers it is highly important that thci 
condensers have low dielectric losses and high insulation resistance. 

Rectifier Voltmeters, Electromagnetic voltmeters, on account of 
their relatively large operating currents are entirely unsuitable for 
voltage measurements in high-impedance circuits on account of the 
disturbing effect of the instrument on the circuit. Although electro- 
static instruments are free from this objection, they cannot be 
employed for measuring low voltages. Moreover, the form of scale 
is such that accurate readings cannot be obtained when the voltage 
to be measured is less than about one- third of that corresponding 
to full scale. 

These difficulties are surmounted in the rectifier-type of volt- 
meter. This instrument consists of a sensitive direct-current milli- 
ammeter or micro-ammeter, of the permanent- magnet moving- coil 
type, combined with a full- wave metal rectifier, of the copper-oxide 
type, and suitable series resistances. The connections are shown in 
Fig. 232. 

The rectifier is a specially small size of the ordinary copper-oxide 
rectifier, and must be suitable for the maximum operating current 
of the milli -ammeter. This current should not exceed 10 mA., and 
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smaller values (e.g* 1 mA. or lower) are desirable. The resistance 
of the milli-ammeter should be as low as is consistent with the 
permissible errors due to temperature variation. 

The R.M.S. value of the alternating voltage at the terminals of 
the rectifier to obtain full-scale deflection on a 1 mA., l(X)-ohm 


milli-ammeter is about 1 volt. Such 
an instrument is made commer- 
cially for a minimum voltage range 
of 10 V. If a lower voltage range 
is required, this instrument should 
be used in conjunction with a 
suitably Resigned potential trans- 
former, rather than with a lower 
value of series resistance, as in the 
latter case the “forward ” resistance 



Fig. 232. CiRciriT Diagram of 
Kkctifiek Voltmeter 


of the rectifier will become an 


appreciable fraction of the whole resistance of the cir(juit between the 


instrument terminals, and errors will arise due to the non-linear 



Flo. 233. Characteristic Curves for Typical Rectifier Instruments 
( Westingtiouse Brake ami Signal Vo.) 


characteristic of the rectifier, a typical example being shown in 
Fig. 233. 

Rectifier Ammeters. The rectifier principle may bo applied to the 
measurement of small currents (c.g. below about 2 A.) by supplying 
the rectifier from a suitable current transformer. For such purposes 
a rectifier instrument possesses the great advantage that the power 
consumption is only about 3 (jVi^th of that required by an electro- 
magnetic A.C. ammeter of the same range. Owing to the small 
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output (about 1 mV A.) required from the secondary of the current 
transformer, this can be built with a mu-metal core of small size, 
thereby giving a very compact and portable combination. 

Errors of Rectifier Instriimeiits. The principal sources of error 
are due to wave -form and temperature. 

Errors Due to Wave-form. Due to the fact that the D.C. milli- 
ammeter measures the mean value of the rectified current, the scale 
readings will only be absolutely correct when the wave -form of the 
voltage or current supplied to the rectifier is the same as that of 
the voltage employed for calibration. The errors resulting from the 
use of an instrument (which has been calibrated with a sine- wave 
voltage) on a circuit having distorted wave-forms containfrg second 
and third harmonics are shown in the accompanying table — 


Order of harmonic 

2nd 

2nd 

3r<l 

3rd 

3rd 

3rd 

Amplitude of harmonic (per cent 
of amplitude of fundamental) . 

10 

20 

10 

20 

30 

20 

Phase difference of harmonic with 
respect to fundamental . 

0" 

0® 

0" 

0® 

0" 

180° 

Percentage error of instrument . 

-0-5 

-20 

+ 2-7 

H- 4-4 

+ 5*0 

-9*2 


Temperature Errars. The temperature error due to self-heating 
is negligible owing to the very small amount of power dissipated in 
the rectifier and instrument. Errors, however, will occur if the 
ambient temperature has a value different from that at which the 
instrument was calibrated. The general effect of a rise in tem- 
perature is to lower the voltage drop across the A.C. terminals of 
the rectifier and to increase the leakage or “reverse*’ current. 
These two effects, however, are inter-related because the leakage 
current is related to the voltage drop in the manner shown in Fig. 
233. Hence the total error due to ambient temperature is less than 
the separate errors due to the temperature coefficients of the “for- 
ward” resistance of the rectifier and the resistance of its leakage 
paths. 

Tn the case of an instrument calibrated at an ambient temperature 
of 20° C., the errors are well within those allowable for a sub- 
standard instrument. 

Wattmeters 

El6ctro*dynamic Single-phase Wattmeters. The mechanism of a 
commercial electro-dynamic wattmeter closely resembles that of an 
electro-dynamic ammeter, but the moving coil of the wattmeter 
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has a high non-inductive resistance connected in series with it and 
is provided with separate terminals. The fixed coil is connected 
either directly in series with the circuit, or in the secondary circuit 
of a “ series or “ current ” transformer, the primary of which is 
connected in series with the main circuit. The moving coil, together 



Fig. 234. Mechanism op Electro-dynamic Wattmeters 
(N alder Bros, aiid Thompson) 

(a) Assembled mechanism of siiiKle-pliasc wattmeter; (fc) MoviiiK system, showing 
damping vanes and control springs ; (r) Mechanism of polyphase wattmeter (p. 3H1) 
with one of lower current coils and cover of one of damping chambers removed, 
these being shown sejiarately at (d) and (c) respectively 

with a non-inductive stories resistance, is eonnectcHl across the main 
circuit in ord(jr that the current in this coil shall be proportional 
to the voltage of the circuit. 

The mechanism of a typical instrument is shown in Fig. 234. 

Ranges. The maximum current range of commercial electro- 
dynamic xvattmeters is from 100 to 200 A. For higher burro nts the 
fixed coils are usually wound for a maximum current of 5 A . and 
are supplied from the secondary winding of a curnmt transformer 
of suitable ratio. 

The moving coil is usually wound to carry a current of from 
0-02 A. to 0*03 A., and therefore the resistance of the moving-coil 
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circuit must be of the order of from 30 to 50 ohms per volt of 
pressure range. 

For pressures up to 600 V. a series resistance is employed, but 
for higher pressures an instrument having a 110 V. pressure circuit 

is employed in conjunction with a 
potential, or shunt, transformer. 

Theory of the Electro-dynamic Watt- 
meter. Lot tho current and pressure in 
the circuit to which the wattmeter is 
connected be given by i — 7^ sin(foi-^) 
and e — sin (x)t, respectively. Then 
if the inductance of the moving-coil 
circuit is ignored and the resistance of 
this circuit is denoted by 7?, the current 
in the moving-coil will be given by ig = 
{E^IR) sin cot. 

if this current is small in comparison 
with tho current in the main circuit, tho 
current in the fixed coil will bo equal 
to and in phase with, tho latter. 
Hence., with an air-path magnetic circuit and no (‘ddy currents in the coils 
or their supports, the flux due to the current in the fixed coil will be pro- 
portional to, and in phase with, the current in the circuit Moreover, in the 
(5ase of a deflectional iminummt. if tho fiux density is assumed to Ix) uniform 
throughout tho space occupieci by tho moving (;oil, the torque at any instant 
will be given by 



Fig. 23 "). Thkoretical Scalk- 
FOKMs FOR Electro- DV NAM JO 
Wattmeter 


— 8m{fi + 0)7^ E^JR) sin ojt sin(o>^ - (p) 

— {h^M^ sin(/? f 0)1 EjU) jeos cp - cos(2w« - ] 


where is a constant, the inaxirnum mutual iiuluctance of the fixed and 
moving coils, and (/3 + 0) the deflection of the moving (mil from tho position 
corresponding to the eoincidenee of the magn(fl,ie axes of tlu* coils. 

Therefore the mean torque during a period is 


I n\ 


Bm(^ f 0) p 

'll 


where P ( - El cos cp) is the ])ower in the circuit. 

Form of Scale. Since spring control is employed, the controlling torque 
is -- ifcj0, where 0 is tho defloM.ion from the zero position. Hence, for 
equilibrium, we have or, for a deflectioncil instrument, 

fe,M,3in(^ + e )^ ___ 

Whence P = fcO/einC/? + 0) . . . . (179) 

where k -- kJtjk^M^. 


Typical scales calculated from this equation are shown in Fig. 236. 
Correction for Power Expended in Wattmeter. If the current (i^) in the 
moving-coil circuit is not small in comparison with the current in the circuit, 
and the wattmeter is connected in the manner shown in Fig. 236a, then if i 
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denoiofl t.he current in the “ load,” the current in the fixed coil is i + ij. 
Hence the torque is now given by 


^ddnst) ' ■ ii) 

! T K F ^ ) 

8 in(re^ - 7 ;) [ sin* col > 


and the mean torque by 

rr 


I r 

TJo 


^d{tnat) • ^ 


Ik, Ml. 


R 


ri(/? + 6)^ IK cos (p I- 


Wlience, equating deflecting and controlling torques, we have 
and P --==^ Py-E^jU, 


(180) 


where Pj( O'k^Rjk^M^) is the reading (watts) of the instrument. 

Therefor^, to obtain the power supplied to the load, the power expended 
in the nressure-coil cinuiit must be subtracted from the poww (/', ) indicated 
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by the wattmeter. If the wattmeter is connected as shown in Fig. 2386, the 
power exjx^nded in the current coils must be .subtracted from the power 
indicated by the instrument. 

In practice, this correction need only be apjiliod to cases wlu^re small 
power.s are to be measured. For example, if a wattmeter, the pressure 
circuit of which has a resistance of 3333 ohms, is connected as in Fig. 236a. 
and indicates a power of 15 watts, the power actually supplied to the load, 
assuming the pressure to be 100 volts, is 

P -- 15 - 100*/3333 ^ 1 2 watts. 

Correction for Inductance of Moving-coil Circuit. The error due to induct- 
ance in the moving-coil circuit is most easily calculated in instruments of the 
Tion-deflectional, or torsion-head, type, as the moving coil always occupies a 
standard position relative to the fixed coil, and, therefore, the mutual induc- 
tance, if any, is constant. If L, li denote the inductance and resistance, 
respectively, of the moving-coil circuit, the current in this circuit, when the 
impressed E.M.F. is e -- sin co^, is now 

i,/ [E^I^{R^ -h sin(a>^-a), 

where tan a = coLfH == mr. Thus, the current in the moving coil is not in 
phase with the impressed E.M.F. ; moreover, its value and phase difference 
are both afiocted by frequency. 

Tlie deflecting torque at any iri«tant t is ^ 

— sin lol sm(fo< - (fi) - f"'* ' T ) 

1 4 a>*T“ f -T' co'T* 

where A;' = k^M^jR, 1/^(1 “I' ~ cos a, and a>T/V(l + co^T^) = sin a 
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Whence the mean deflecting torque during a period ie 
rr 


- , \ er , J, , k'lEcjT 

= cos g> sin ip - IE cos | 


Since the term is usually very small indeed in comparison with unity, 
wo have, to a very close approximation, 

= k'{IE cos 9? 4- o>T IE sin 9?) 

= k'{P + cor IE sin <p) 

If kid" is the eontrolling torque, we have, for equilibriuin, 
k'{P + (OT IE sin 9?) = kiO" 

Whence P = kO" cor IE sin cp . . . . . ^ . (ISl) 

where k = kifk' — kiRjk^My^ 

Thus the effect of inductance in the moving-coil circuit is to cause the 
wattmeter to road high (on lagging powt^r factor) by the amount cor IE sin 97, 
and therefore this quantity must l>e subtracitod from the wattniotor reading 
to obtain the true power. For leading power factors the wattmeter will 
read low, and the quantity cor IE sin cp must then bo added t o the wattmeter 
reading to obtain the true power. 

It should be noted that the correction factor is zero at unity power factor 
(on the assumption that co^r^ is negligible in comparison with unity), and 
approaches its maximum value {cor IE) as the power factor approaches zero, 
so that wlion the wattinoter is used on circuits of very low f)ow()r factor, the 
correction factor may require careful consideration. The percentage error 

^10o«>Tl£iin^^lOo„,Ttan^. 

IE cos cp ^ 

which, for a jjower factor of 1 per cent {cp --- 89*4®), becomes equal to 
9550 OT, and, for a power factor of 0-175 per cent {cp - 89-9®), becomes 

57300 COT. For example, if the inductance of the raoving-(;oil circuit is 
6 milli-henries and the resistance is 3000 olirns. r = LjR - 2 X 10 ®, and, 
for 60 frequency, cor = 314 X 2 x 10 * = 6-28 X 10 ®. Hence, if this 
instrument is used on circuits having a power factor of 1 per cent, the error 
in the wattmeter reading is (9550 X 6-28 X 10® = ) 6 per cent, and, if 
used on circuits having a power factor of 0-175 p(ir cent, the error is 
(67300 X 6-28 X 10 ® = ) 3G per cent. 


Induction Wattmeters. The induction principle may be applied 
to indicating wattraeters, but such instruments are only suitable 
for circuits in which the frequency and voltage are constant. 

The travelling magnetic field is produced by the joint action of 
two electromagnets, one being series wound and the other shunt 
wound (Fig. 237). The exciting current of the series magnet is 
proportional to the current in the circuit in which th(^ instrument 
is connectc^d, and that of the shunt magnet is proportional to the 
voltage of this circuit. 

In the hypothetical case when the resistance of the shunt magnet 
is zero and both magnetic circuits are free from saturation and 
hysteresis, the fluxes will have a phase difference of (90 ^ <p) degrees 
(<p being the phase difference between voltage and current of the 
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main circuit), and will be proportional to the current and voltage, 
respectively, of the main circuit. Hence, if these magnets act upon 
a spring-controlled pivoted disc or drum (assumed to have no in- 
ductance), the deflecting torque (p. 367) will be proportional to the 
product of the fluxes and the sine of their phase displacement, i.e. to 

El sin (90 ^ (p) ^ El cos tp, 

and the angular deflections vill be proportional to El cos (p, or to 
the power in the circuit. 

If, however, the shunt winding possesses appreciable resistance, 
the flux of this magnet will not lag 90° with respect to the applied 
voltage, aaid, in consequence, the i/^ -.»/ 

phase difference iKrtwocn the fluxes r I oK, 

will be smaller than (90 "-F (p) degrees, 
as in the hypothetical case. Sonu' 
means of increasing thc! natural lag ^ 
of th(^ flux of the shunt magnet is 
therefore nec(‘ssary in a commercial 
instrmru'iit. 

Comtruclion of Drum-type Induc- 
tion Wattmeter. The Lipman form 
of operating magnet for a drum-type 
induction instrument is readily ^ 

adaptable to wattmeters. Thus the 337 . Arkanoement of 

only changes required are in thc Electric and Macnetic 
windings. The winding, on the Circuits of Drum-induction 

inner electromagnet, C, (Fig. 237) is ^ 

arranged for direct series excitation, 

and the winding, E, on the external electromagnet, B, is arranged 
for shunt excitation (with suitable series resistance to “swamp” 
the effects of resistance changes due to temperature). 

The large air path in the magnetic circuit of the wound pole of 
the inner magnet, causes the flux produced by the series winding, 
(7, to be proportional to, and in phase with, the current in the 
circuit. 

On the other hand, the comparatively low-reluctance magnetic 
path of the flux of the outer magnet, together with the low resist- 
ance of the excitation winding, E^ cause the flux to have a phase 
difference of nearly 90° from the voltage at the terminals of this 
winding (which is proportional to the voltage of the circuit). 

To obtain the exact value of 90° for this phase difference, auxiliary 
coils, F, are wound on the limbs of the outer magnet and are con- 
nected in a closed circuit with an adjusting resistance, R, in series. 
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The transformer action between the windings E and F causes a 
modihcation of the resultant ampere -turns acting on the outer 
magnet, and the resistance, enables the phase of these ampere- 
turns to be adjusted, so that the flux lags exactly 90° from the sup- 
ply voltage. The vector diagram (Fig. 76) of the transformer is 
directly applicable. 


Theory of Induction Wattmeter. The theory of the uncompensated watt- 
meter is developed in a manner similar to that (p. 366) of the induction 
ammeter. Thus, if magnetic saturation and hysteresis are absent, the flux 
due to the series winding is directly proportional to, and in phase with, the 
current in the main circuit, i.e. kil^ain{(i)t - g)), where (p is the phase 

difference between voltage and current in the main circuit. Similarly, the 
flux due to the shunt winding is i 

-an- P)) 

= - 008(0)^ + P) 

where it?2, denote the resistance and inductance, respectively, of the shunt 
winding and {kn — P) is the phase diff«?ronce bc^lwecn the impressed K.M.F. 
and the flux in the shunt magnet ; p l)eing equal to tan"^ E^ltoL.^. 

The E.M.F. induced in the disc by the flux is 

Cj - 10 - kj(i)T^^^ cos(to^ - (p), 

and that induced by the flux (hj is 

Cg - 10 ® sh)((/d + p) 

The currents in the disc are deduced in the manner given on pp. 366 to 367, 
from which follow the expressions for the instantaneous fonjcs duo to thej 
int-cractiou of these currents and the fluxes. Thus 


]i y — k ta 


- k/mE„ 


F., -= k '//Oa 

(pii + “ '''O ( 

Whence the torque acting upon the disc is 


Bm{(ot + P)^ {kJ^^ 3m{ajt - (p)) 


cos(a>< + 


- p(l + C0^T3*) V(/V -i 

+ Bm{o)t -f p) sin(oj« - 9?) ] 
y C09(ip H- fi) 


p(l + eo^Tj*) -\/{R^ 'I- ay^W) 
^'1 


— B2 cos((p + /J) 


p£,,(l + a>”Ta*) V(1 + l/wV*') 

whore = L^jR^. 

Therefore, if the torque is to be proportional to the power in the main 
circuit, P must be zero. Under these conditions we have 

= pLAl + fo»T,») V(‘ + 

This equation shows that the indications of the induction wattmeter are 
less affected by variations of frequency than those of the induction ammeter. 
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Polyphase, or Double, Wattmeters. Those instruments are in- 
tended for measuring power in polyphase circuits by the two-watt- 
raeter method (p. 195), and consist of two single-phase wattmeter 
mechanisms combined into one case and having a singles pointer 
and scale. The instruments may be of either the electro-dynamic 
or the induction type. 

In the electro-dynamic instrument the two moving coils are fixed 
to a common spindle which carries the pointer, control springs, and 
damping vanes. The two systems are shielded from each other by 
means of a flat shield of laminated iron fixed between the upper 
and lower systems perpendicularly to the spindle (Fig. 234), 

The iMuction type of polyphase wattmeter consists usually of 
two single-phase instruments, the two discs being fixed to a common 
spindle which (iarries the pointer and control spring. Each disc 
is providt^d with its op(irating and braking magnets, as in a single- 
phase instrument. 

Watt-hour or Energy Meters 

General Requirements. In all cases of electric supply for power 
and lighting the charge to the consumer must be based upon the 
energy (in kilowatt hours) supplied. Th() measurement of this 
eiuu'gy is effected by an integrating wattmeter operating on the 
induction principle, whicli principle is particularly suitable for 
house service meters on account of the lightness and robustness of 
the rotating element and the absimce of rotating or moving contacts. 
Moreover, on account of the smallm'ss of the variations of voltage 
and fn^quency in commercial supply systc'.ms the accuracy of the 
induction meter is unaffected by such variations. The accuracy, 
howevcT, is affected if the wave-form of the supply is badly 
distorU^d. 

Theory. The induction energy meter may be derived from the 
induction wattmeter by substituting for the spring control and 
pointer an eddy current brake and a counting train, respectively. 
For th(i meter to read correctly, the speed of the disc must be 
proportional to the power in the circuit in which the meter is 
connected, and to fulfil this condition : (1) The torque due to the 
current generatc^d in the disc by its rotation in the magnetic field 
of the operating magnets must be negligible in comparison with the 
operating torque ; (2) the friction must be compensated at all 

speeds ; and (3) the braking torque must be directly proportional 
to the speed of the disc. 

Condition (1) is satisfied if the angular speed of the disc is very 
low in comparison with the angular speed of the travelling magnetic 
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field, and in commercial meters the speed of the disc is of the order 
of 30 revolutions per minute at full load. 

On account of the low speed of rotation of the moving system, 
the friction after starting remains constant, and may be com- 
pensated by a constant torque acting in the same direction as the 
main driving torque. This compensating torque is obtained by 
producing a slight dissymmetry of the shunt flux, by means of an 
unsymmetrically placed shielding plate or magnetic shunt. 

With the friction compensated, and with correctly adjusted 
operating magnets, the resultant torque at^ting upon the disc will 
be proportional to the povw in the circuit, and if the spewed of the 
disc is to be proportional to this quantity, a braking torqufe varying 
directly as the speed, must be applied to the disc. The braking 
torque is produced by eddy-currents induced in the disc by its 
rotation in a magnetic field of constant intensity, the magnetic 
field being provid(‘d by one or two permarumt magnets, so jfiatjed 
as to be unaffected by the alternating-curn^nt operating magnets. 

For a giv(m disc and brake magnet, the braking torque varies 
with the distance of tlui poles from the cemtn^ of the disc, the 
maximum torque occurring when the distanc^e of the centre of the 
pole faces from the centre of the disc is equal to 83 per cent of the 
radius of the disc.* This feature is utilized when hasting th(^ meter 
to obtain a final adjustment of the speed to a definib^ value, 
corresponding to a given power. 

Construction. Numerous forms of construction for house-service 
induction nu^tt^rs have been devist^d, the principal differences in 
construction b(ung confined chiefly to thc’s arrangement of the 
magnetic circuits of the operating magnets, the method of obtaining 
the (jorrect phase differemee between the? flux(^s of the series and 
shunt magnets, and the method of compe^nsating for friction. 

In all cases the rotating disc, of aluminium, is fixed to a vertical 
spindle, the lower end of which is supported by a jewelled footstep 
bearing and the upper end is supported by a guide bearing. To this 
end is fitted either a pinion or a worm, from which the counting 
train is driven. When a pinion is fitted to the spindle, the worm is 
fitted to an intermediate spindle, this arrangement possessing the 
advantage of reduced friction compared with a direct worm drive. 
The worm drive to the counting train is necessary, because the 
spindles of the latter are horizontal. 

Two forms of magnets, in which alternative methods of com- 
pensation are employed, are shown in Fig. 238. 

Electrical Measurin^j Instruments^ Drysdale and Jolley, Part I, p. 105 
The theory of the eddy-current brake is given on p. 102 of this volume. 
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The friction compensating torque, in one case, Fig. 238 (a), is 
produced by an unsymmetrical magnetic shunt, C, at the pole-face 
of the shunt magnet, A ; and, in the other case. Fig. 238 (i), by an 
unsymmetrically -placed loop of brass or copper, 6r, which surrounds 
the pole-face of the shunt magnet at the air-gap, and is adjustable 



Ftg. 238 . Tyi»ical. Aiirangements of Operating Magnets, Disc, 
Brake Magnets, and Compensating Devices in Watt-hotir 
Meters 

{Aron Electricity Meter, and Metropolitan-Vickers Elejitrical Co.) 

in a direction parallel to the pole-face. These devices are called 
“light load adjustments.” 

The correct phase difference (viz. 90 - 9?®) between the shunt and 
series fluxes is obtained in one case. Fig. 238 (o), by a loop of brass 
or copper, Z>, symmetrically placed over the shunt pole and adjust- 
able in a direction perpendicular to the pole-face ; and,dn the other 
case. Fig. 238 (6), by shunting the series windings, or, alternatively, 
by providing a secondary winding, of a few turns on the series 
magnet and closing this through a loop of resistance wire, R, having 
an adjustable slider. 

These devices are called “inductive load adjustments.” 
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Theory of Shielded-pole Shunt Magnet. Consider the simple case of the 
magnet shown in Fig. 239, in which the shielding coil B surrounds tlio pole 
face of the core which is magnetized by the shimt-excited coil, l^lien 
if <!> is the flux at tlie polo face, and the vector, 00, of this quantity is taken 
as the reference vector in the vector diagram, Fig. 240, the saturation ampere- 
turns for the magnetic circuit are rciirosjonted by OA, which is slightly in 
advance of the flux owing 1o hysteresis and eddy currents in the core. 

The E.M.Fs. induced in tlie exciting and shielding coils are represented 
by OEi and OE.,, respectively, both lagging 90® with respect to the flux. 



ClUCUIT AND VeCTOU DIAGRAMS FOR ShI KLDF.D-POLE ShUNT -EX CITED 
EnEt^TIlOMAGNET 

The ciuTont in the shielding coil is represented by 01 2 ^ whicli also represents 
the ampere-turns du(' to this coil. Hcmce the ampere-turns to be })rovided 
by the exciting coil are represented by 0(\ which is equal to tlio vetjlor sum 
of the saturation ampere-turns, 0^4, and the ampere-tnrns, OB, balancing 
the am pore -turns duo to the shielding coil. The exciting curri'ut is therefore 
represented by Ol. 

The voltage to l)e applied to the exciting coil is obtained by determining 
the internal E.M.Fs. in this coil. * These E.M.Fs. comprise the E.M.F., 
induced by the alternations of the flux fl) ; the PkM.F., Oa, due to the 
re.sistanoo of the coil ; and the E.M.F., 06, due to leakage reactance. The 
resultant internal E.M.F. is therefore represtuitcd by O-V, and the applied 
E.M.F. — which balances the resultant internal E.M.F. — is represented by O F. 

Now, in the induction energy metor, O V must lead the flux vector by 90°, 
and an inspection of the vector diagram will show that this result can be 
obtained by suitably adjusting the ampere- turns of the shielding coil, this 
adjustment being effected either by alteration of the resistance of the 
shielding coil, or by altering its axial position. 

Adjustment ot Meter. The adjustments are effected when the 
meter is first tested, the method being as follows : Assuming correct 
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voltage and frequency to be maintained, the meter is run at its full 
load current alternatively on loads of unity power factor and a low 
lagging power factor, and the speed is adjusted to the correct value 
by varying the positions of the brake magnet and the shielding loop. 
For example, if the meter runs fast on inductive load and correctly 
on non-inductive load, the shielding loop must be moved towards 
the disc. Again, if the meter runs slow on non-inductive load, 
the brake magnet is moved towards the centre of the disc. 

The meter is next run on a light load (i.e. about of full load) 
and the friction (jompensating device is adjusted to give the correct 
speed. In making this adjustment, care must be exorcised to see 
that frictioh is not ov(ir-compensated, otherwise the meter will run 
whem only the shunt magnet is excited.* The adjustment should 
be such that : (1) The meter will start with a non-inductive load 
of 0-5 per cent of full-load ; and (2) with a non-inductive load of 
J^^th of full-load the spec'd is within 2 per cent of the correct speed 
at this load. 

Accuracy. In commercial meters manufactured to the specifica- 
tions of the British Standards Institution, the permissible error is 
i: 2 per cent for all loads between th of full load and 26 per cent 
overload, and at any power factor between unity and 0*5, lagging 
and leading. 

Effects o! Temperature Variations. Energy meters are inherently 
almost frcie from errors duo to t('.mperature variations, as chang(*s 
in the resistance of the disc affect both the driving and braking 
torques in the same manner. Moreover, the error which would 
be caused by the diminution of the flux of the shunt magnet due 
to the increase in resistance of the shunt coil with increase of 
temperature is, to some extent, balanced by the decrease in the 
flux of the brake magnet. The resultant error at full-load, unity 
power factor, may be of the order + 0 05 per cent per 1 ° C. rise 
in temperature. 

Polyphase Watt«hour Meters for Unbalanced Loads.! Eor the 

measurement of energy in polyphase circuits with unbalanced 
loads, a double-element watt-hour meter is usually employed. 
This meter consists essentially of two single-element meters with 
a common spindle and a single counting train. The series and 

* With Bomo meters this is prevented by a small iron tongtie, or vane, 
fitted to the disc in such a position that when the tongue is adjacent to the 
brake magnet the attract! v’e force between tongue and magnet is just sufficient 
to prevent rotation of the disc with full shunt excitation and no current in 
the series coil. In other cases two holes are pierced in the disc. 

")■ For the measurement of energy in three-phase circuits with balanced 
loads, a single-phase meter may be employed. See Power Wiring Diagrams^ 
Third Edition, pp. 116, 118. 

26— {T.524S) 
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shunt magnets of each element are connected according to the 
two-wattmeter method of measuring power in polyphase circuits, 
and each set of magnets acts upon a separate disc to avoid mutual 
interference. Each element is provided with the same adjustments 
as in a single-phase meter, and, in addition, one element is provided 
with an adjustment (usually a magnetic shunt fitteid to the shunt 
magnet) for obtaining equality between the torques of the elements 



Blue 


Fro. 241. Connections foji Poly- 
phase Watt-hour Meter when 
Used with Current and 
Potential Transformers 


when the meter is operating with 
a balanc^ed tlnee-phase load of unity 
power-factor. 

Marking of Terminals of Poly- 
phase Watt-hour Meters. The 

following scheme is employed for 
marking the terminals of meters 
and the phases of the supply 
system, in order that no ambiguity 
shall exist about the manner in 
which the meter is to be connected 
in service. Moreover, the scherncj 
also removes any ambiguity con- 
cerning the connections of a meter 
when it is calibrated at the inanu- 
factmer’s testing department. 

The standard direction of phase 
rotation shall be counter-clockwise. 
The phase, or line wire, of refcrcmce 
of the supply system shall be nurn- 
lx*red 1 and coloured white ; the 
phase which lags 120° shall be 


numbered 2 and coloured blut^, and the other phase (which lags 


240°) shall be numb(u-ed 3 and colounxl red. 


In connection with power and energy measurements by the 


two-wattmeter nuithod, the current coils of the instruments 


shall be connected in the* “blue” and “red” phases, and the 
(jommon terminal of the potential circuits shall be connected to 
the “ white ” phase. The “ blue ” phase is then the “ leading ” 
phase and the “ red ” phases is the “ lagging ” phase.* 

The terminals of the element (of the meter) which is to be 


This designation of the “ leading ” and ** lagging ” phases follows from 
a consideration of the phase differences between the line currents and the 
voltages impressed upon the potential circuits of the instruments. For 
example, for the standard conations and unity power factor, these phase 
difierenees are 30®, leading, for the element connected in the “ blue phase, 
and 30®, lagging, for the element connected in the “ red ’* phase. 
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connected in the “ leading ** phase shall be numbered 2 and 
coloured blue ; those of the element which is to be connected 
to the “ lagging phase shall be numbered 3 and coloured red. 

When a meter has been calibrated with current and potential 
transformers, the terminals of these transformers are marked 
in a manner similar to those of the meter, to ensure that when 
the meter is put into service the connections between trans- 
formers and elements may be the same as when the m(iter 
was calibrated. A diagram of coimections for a typical case is 
given in Fig. 239(6). 

^ POWER-FACTOB MbTBRS 

General. The term power-factor meter (or phase meter) refers 
to an instrument for indicating directly, by a single reading, the 
powcjr factor of the circuit to which it is connecUid. Instruments 
arc available for indicating the power factor of either single-phase 
or polyphase circuits, under balanced and unbalanced loads. 

Principles of Operation. Power-factor meters operate on the 
el octroi nagiu^ tic principle, and are of (ither the moving-coil (electro- 
dynamic) or the moving-iron types. In general, both types have 
two electromagnetic systems ; one system being supplu^d with 
current equal, or proportional, to the currcjiit in the circuit of which 
the power factor is to be measured, and the other being supplied 
with current proportional to the voltage of the circuit. The coils 
of one system are arranged to produce either a rotating magnetic 
fuid, or a number of alternating magnetic fields having a time- 
phase difference with rc^spect to one another, the axes of the fields 
being displa(;ed in space by angles equal to the time-pliase angles. 
The coil, or coils, of the other system usually produce an alternating 
magnetic field, the axis of which is fixed in space. 

The direction of the resultant magnetic field in space depemds 
upon the relative positions of the axes of the rotating and the 
(single) alternating fields at the instant when the latter (i.c. the 
alternating field) attains its maximum value. Hence, since these 
fields are excited by currents proportional to the current and 
pressure of the circuit, tlie position of the resultant field in space 
will depend upon, and vary with, the phase diffenmee b('tween 
these quantities, i.e. with the power factor of the circuit. 

The position of the resultant field is indicated by a pointer 
and scale, the pointer being fixed to a spindle, which, in the 
moving-iron instrument, carries a set of moving-iron vanes, and 
in the electro-dynamic instrument carries the coils which produce 
the rotating magnetic field. 
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With both typers of instrument the moving system is perfectly 
balanced and is free from controlling forces. Hence, when an 
instrument is disconncctesd from a circuit the pointer remains in 
the position which it occupied at the instant of disconnection. 
With these g(uieral remarks we will consider the theory of the 
moving-coil and moving-iron instrumtuits. 

Electro-dynamic Power-factor Meters. In instruments for single- 
phase and balanced three-phase circuits, the alternating magnetic 



Ftg. 242 . Principle of Electro -dynamic Power-factor Meters 
(a) SinglG-phasc itislrumeni; (h) Throp-phasp iiistruinpni. 


field is produced by a pair of coaxial (ioils supplied with current 
proyiortional to Hu? current in the circuit. 

The rotating magnetic field is produced by a y>air of intiu’secting 
coils, which an^ fix(*d to a common spindle. The coils are supplied 
with equal currents, proportional to the voltage of the circuit, the 
phase difference between these currents being approximately 90° in 
the single-phase instrument and 120° in the three-phase instrument. 

The two moving coils should be exactly similar, and the angular 
displacement of their axes should be equal to the (time) phase 
differenije between their currents. 

In a single-phase instrument the requisite equality in, and phase 
difference between, the currents is obtained by connecting a non- 
inductive resistance in one circuit and a reactance, of the same 
ohmic value, in the other circuit, as shown in Fig. 242 (a). 

In a three-phase instrument, Fig. 242 (6), the angular spacing, 
2/9, of the coils may be chosen according to the type of scale required. 
For example, with a spacing of 120° a normal cosine-law scale is 
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obtained, as with a single-phase instrument; but if the angular 
spacing is increased, certain parts of the scale are opened out (i.e. 
the range in power factor for a given angular deflection of the 
pointer is diminished). 

The current is led into and out of the moving coils by fine silver 
ligaments, which are so arrangc^d as to exert no controlling force 
on the moving system. 

Theory of Electro-dynamic Power-factor Meter for Balanced Three-phase 
Circuits. I^et 2/? denote the angular spacing between the two moving coils 
and 0 the angle of displacement of the pointer (which is symmetrically placed 
with respect to the moving coils) from the central plane perpendicular to the 
axis of the fixed coil (Fig. 2426) when the moving system is in equilibrium. 
Then, if t}/^ supply system is symmetrical, and the line voltages are given by 

^ 1-2 = V^Binicot + i7T), Bin(«)f - ^tt), F,»sinM-27r) 

the voltttg(^8 impressed upon the moving-coil circuits will be given by 
*’3 i = 1 m - ^TU) ; Biiiicot - ^Tc). 

If 7? is the resistanco of each of the inoviiig-coil circuits, and self and mutual 
inductances are negligible, the currents in the coils will bo 

= (F^/^0 sm(w«~ fiTT), t„ - (V^fB)Bm(a>t-^7i). 

The current in the fixed coil is given by i -- I sin (cot - - (p), whore 

cos (p is the pow(*r factor of the three-phase circuit. 

Hence the in.stantaneous torques acting on the moving coils are 

=- fc » Bin(^ + 6 ) 

= Jcl^ Bm(j3 + 0) sin((u« - ‘n - (p) 8iii(o)< - Jit) 

== ~kii^sm(p-6) 

-- -kl^ “ ®) - <p) 8iii(a>< - i,'ir) 

anti the mean torques are 

k I {V IR) Bin{ft -f 0) cos(^7r (p) 

- k I (F/A*) ain(^ -- 6) cos(j7r - (p) 

Since the condition for equilibriuin of the moving system is that - fi* 

we have 

sin(/? 4- 6) cos(j7T 4- (p) siu(P - 0) cofl(j7t - tp) 
i.c. sin(/3 4 0) ^ cos cp - ^sin (p ] - sin(^ - 0) ^ cos q) 4* J sm (p] 

or ^/‘3 cos q) |8in(j3 4- 0) - sinffl -6)] = sin q> [8in(/? -0)4* Hin(/? -j 0)] 

^.3 cos q? coa ft sin 0 ~ sin q? sin P cos 0 
Whence tan 0 — {{ jy/^) i&n p tan q? . . . . . (183) 

If the angular displacement of the coils is 120°, P - 00° and tan P = 

Hence 

tan 6 tan q? 
and 0 = q) 

Thus the angular deflection of the pointer from the plane of reference is 
ecpial to the phase diffonmee b<‘tweeii the phase E.M.F. and current in the 
circuit to which the instrument is connected. 

Observe that the indications of the instrument are unafifccted by variations 
of frequency : they are also unaffected by wave-form distortion. 

Comparison of Theoretical and Practical Scale Shapes. Tho form 
of scale deduced theoretically in the preceding section refers to 
an ideal instrument in which : (1 ) The magnetic field produced by 
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the fixed coil is (a) in phase with the current (i.e. there are no 
eddy currents in the conductors or coil supports), (6) uniform over 
the space traversed by the moving coils when the latter are deflected 
over the full scale ; (2) the moving coils are identical in dimensions 
and number of turns, and their self and mutual inductances are 
negligible in comparison with the resistances of the circuits ; 
(3) the friction is zero ; (4) the reactance employed in the single- 
phase instrument has no losses and produces no distortion of the 
wave -form of the current. 

The agreeiiKuit between the form of scale of a commercial instru- 
ment with the theoretical form of scale will depend upon the 
closeness with wlihih the actual instrument ap2)roaches '“the ideal. 
For example, in a typical high-class instrument (such as that 
manufarjtured by the Weston Electrical Instrument Co.), the 
several layers of the moving coils are interlaced at the diametrical 
crossing points, so that each coil has th(5 same mean diameter. 
The coils an^ cxtreimily short and of light weight, and the moving 
system is pivoted in j(;welled bearings. Moreov(‘r, in the polyphase 
instruments the values of the scries resistances in th(^ moving-coil 
circuits are such that the self and mutual inductances of these 
circuits are negligible. Again, the supports for the fixed coils are 
constructed of a material having a high specific resistance, and the 
amount of jnetal located in the magnetic? field is reduced to a 
minimum, so that the eddy-curremt lessees arc? very small. 

In (?onsccpj(?nc(? of these features, tin? scale is almost identicial 
with that for an id(?al iTistnnn<mt, as is shown by the following data- - 

Defloction 0° .0 5 10 15 20 25 30 35 40 43 

Actual scale mark- 
ing (cos (p) . 1 0 0-985 0-942 0-88 0-808 0-735 0-G65 0-599 0-537 0-5 

Theoretical scale 

marking* (cosy?') 1-0 0-987 0-9505 0-895 0-8275 0-77 0-682 0-605 0-54 0-5 

Calibration. Since the indications of the polyphase electro- 
dynamic power-factor meter are unaffected by frequcjncy variations, 
the instrument may be calibrated on a direct-current cii'cuit. The 
normal current is passed throfUgh the fixed coil, and such voltages 
are applied to the movfing-coil circuits that the torques corre- 
sponding to a given position of the moving system arc? the same 
as the mean torques under normal oj)erating (conditions. The mean 
torques under normal operating conditions are given by the 
equations on p. 389, thus 

= kI(V jR) siiiiP 6) cos(j77- + (p) 

== - kI{V jR) sin(/8 - B) cos(j7r - 9?) 

* Calculated from tan gp' =* -y/S tan 0/tan 43®. 
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and the torques with direct curn^nt passing through the coils are 

kri^ sin(/? + 6) - hr{V^jR) Sin()5 + 6) 

\'=-kri^ 8in(/3-0) = kr(Vj,'IR)sin(fi-0) 

wheni r is the current in the fixed coil and 7j,', the curiHiiits in 
the moving coils, and Vj^\ Fj,', the voltages applied to th(^se circuits. 
The constant k has th(i same value for both direct- and alternating- 
current operation. 

Hence, with normal current in the fixed coil, we have 

(F///i) sin(j8 + 0) = (VIR)sin(P H 6)cos(j7r + (p) 
or • PY = ^ cos(j7r + 9 ?) . . . (184) 

and similarly F,/ = Fcos(i7r - 9 ;) . . . (186) 

where V is the normal (alternating) operating voltage. 



Fjo. 243. Connections Foit CAEinHATiso Electuo-oynamjc 
Three-phase Power-factor Meter 


Thus, if the normal o})erating voltage is 100, the values of F^' 
and Fa' to be aj)i)lied to the moving-coil circuits to obtain the 
deflection corresponding to a given power factor (lagging) an^ 

cos rp 1 0 0-95 0-9 0-8 0*7 0-6 0-5 0-4 0-3 0-2 Od 

F/ 86 0 81 16 50 13 39-33 24-61 11-9 0 M3 -21-74-31-63 -41 

86-6 9M7 99-74 99-29 96-35 91-93 86-6 80-4 73-66 66-.34 58-43 

To obtain the deflections corresponding to leading power factors, 
the moving-coil circuits must be interchanged with resjicct to 
The connections are arranged as shown in Fig. 243 ; 
the moving-coil circuits are supplied — via a change-over switch and 
suitable rheostats — ^from a source having a voltage equal to twice 
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the normal operating voltage of the instrument, and the fixed coil 
is supplied with current from a low- voltage battery. 

Moving-iron Power-factor Meters. These instruments may be 
divided into two sub-classes, according to whether the operation 
depends upon a rotating magnetic field or a number of alternating 
fields. Since, in both forms of instruments, all coils are stationary, 
the moving system may be given complete.^ freedom of movement, 
and a scale extimding over the full 360° of arc may, therefore, be 
employed as shown in Fig. 244. 

The essential features of a rotating field instrument for balanced 
polyphase loads are shown in Fig. 245. The electrical portion of 
the instrument consists of (1) a set of coils, A, capable of firoducing 
a uniformly rotating magnetic field when supplied with suitable 
polyphase currents ; and (2) a single coil, B, which is fixed coaxially 
inside A and is excited from one of the phases of the (polyphase) 
system. The outer coils, A^ are sur- 
rounded by a laminated iron ring and 
are usually supplied, by means of 
currcuit transformers, with currents pro- 
portional to the line currents in the 
polyphase system. The inner coil, B, 
together with a series resistance, is 
connected across two line wires of the 
system. 

The moving system consists of a 
pair of light iron vanes, C, C, fixed 
to th(i ends of an iron core and pro- 
jecting p(Tpendicularly from the latter in 
oppositci directions, as shown in Fig. 245. 
The core and spindle are coaxial with the coils A, B and the vanes 
project over the ends of coil B. The iron core is fixed to a 
spindle whic^h is pivoted in jewelled bearings and carries the pointer 
P and the light mica damping vanes D 

The moving system is perfectly balanced and is free from con- 
trolling forces. Hence, when the coils A, B, are exciU^d, the iron 
vanes C, C, set themselves along the direction of the resultant 
M.M.F. due to these coils. 

The theory of the instrument may be developed in a similar 
maimer to that of the electro-dynamic instrument by considering 

* If calibration at power factors below 0*5 is not required the right-hand 
rheostat, Rh, Fig. 243 (which is necessary for obtaining the reversal of 
the voltage may be dispensed with, in which case the voltage of the 
direct-current supply should be equal to the normal operating voltage of the 
instrument. 



Fia. 244. Moving -IRON 
Form of Power-factor 
Meter with Scale 
F iXTENDiNO Over .360** 
(N alder Bros, arul Thompson) 
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the moving cor© and vanes to be magnetized, by the inner coil -B, 
with current which is proportional to, and in phase with, the line 
voltage of the system. Then, if the effects of hysteresis and eddy 
currents are ignored, the core, vanes, and inner coil are equivalent 
electromagnetic-ally to a rectangular moving coil pivoted within 





Di'agrsstm of Connections 

Fig. 245 . Moving - iKoisr Form of Powick-factok Metek in which 
A Rotating Magnetic Fielp is Employed 


the outer coils, A, the centre lino of the moving coil being coincident 
with the axis of the iron vanes. 

Expressions for the torque acting upon such a coil are readily 
obtained, and it is easy to show that the angular deflection of the 
coil from a given position is equal to the phase differenefe between 
the voltage and current in the polyphase system. 

In the actual instrument, however, the effects of hysteresis and 
eddy currents in the moving core and iron vanes, and the inductance 
of the inner magnetizing coil, B, cause the indications to be affected 
by variations of frequency and wave-form. Hence the instruments 
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must be calibrated at the particular frequency at which they will 
be used. 

The essential features of alternating -field instruments (due to 
Lipman, and manufactured by Messrs. Nalder Bros, and Thompson) 
for three-phase balanced and unbalanced loads are shown in Figs. 
246, 247.* 

In the instrument for balanced loads (Fig. 246) the moving 
system comprises three pairs of iron vanes and cores, C 2 , C^, 
which are fixed to a common spindle pivoUid in jewelled bearings, 
the spindle also carrying the pointer, P, and mica damping vanes, D. 
The vanes are sector ^gliaped — the arc subtending an angle of 120° — 
and the vanes forming each pair (which are magneticallj^ connected 
together by the core) are fixed 180° apart (as in the rotating-field 
instrument, Fig. 246). The cores are separated on the spindle by 
distance pieces, S, of non-magnetic material, and the axes of 
symmetry of the three pairs of vanes are displaced 120° with 
respect to one another. 

The cores and vanes are magnetized by the fixed (joaxial 
pressure coils P3, which are mounted coaxially with the 

spindle and are excited with currents proportional to the phase 
voltages of the three-i)has(^ systt^m. 

The current coil. A, is wound in two equal sections, which are 
mounted parallel to each other on opposite sides of the spindle, 
with their magnetic axes lying in a plane passing through the 
pivotal axis of the moving system. The two S(‘ctions are connected 
in series or parallel, according to the current range of the instrument, 
and are supplied with current proportional to the current in one 
of the line wires of thc^ three-phase system. 

In the position of equilibrium of the moving system the resultant 
mean torque is zero, i.e. the moan torque acting on one pair of 
vanes is balanced by the mean torques due to the other pair of 
vanes. Under these conditions, and if the effects of hystert^sis, 
eddy-currents, and inductance of the pressure-coil circuits are 
ignored, it can be shown that, for the pair of vanes which are 
magnetized from the same phase as the fixed coil, the angle of 
displacement of the axis of symmetry of these vanes is equal to 
the phase difference between the phase voltage and current of the 
three-phase system. 

The instrument for unbalanced loads operates on the same 
principle as, but the construction differs in a number of features 
from, the instrument for balanced loads, since the moving system 

♦ See also “ Power-Factor Meters.” by F. E. J. Ockenden, Electrical 
Review^ vol. 93, p. 164. 
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must \)e acted upon by the currents in all line wires. The essential 
features are shown in Fig. 247. 



Fig. 246 Fig. 247 

(o) PRiNCirLTs OF Moving-iron, AijTernating Field, Three-phase 
Power-factor Meters for Balanced and Unbalanced Loads 
(6) Diagrams of External Connections 

The moving system consists of two sets of vanes, Cj, C^, each set 
comprising three 120° sectors fixed with their axes of symmetry 
120° apart and magnetically connected together by iron cores ; 
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the two sets of cores being separated on the spindle by a distance 
piece of non-magnetic material, S. The cores and vanes are 
magnetized by the two coaxial pressure coils JSg, which, together 
with suitable non-inductive series resistances, are connected across 
the line wires of the three-phase system. 

Six current coils, A^-Aq are employed, three coils being provided 
for each set of vanes. Each group of (three) coils is star-connected, 
and the two groups are connected in parallel and supplied, by 
means of current transformers, with currents proportional to the 
currents in the line wires of the three-phase system. Alternatively, 
for low- voltage circuits and currents not exceeding 30 A., the star 
connections may be omitted, in which case the correspcAiding coils 
of each group are conneett^d in parallel with each other and inserted 
directly in the line wires of the three-phase system. 

The current coils are of the flat type ; they an^ mount(‘d parallel 
to one another and adjacent to the vanes, the magnetic; axes of 
the coils being perpendicular to the spindle and coplanar with the 
vanes. 

The mean resultant torque acting on one set of vanes is due to 
the combined effects of the currents in all line wires and the voltage 
across one pair of line wires, while the mean resultant torque acting 
on the other set of vanes is due to the combined effect of the currents 
in all line wires and the voltage across the other pair of line wires. 
These torques balance each other in the position c^f equilibrium 
of the moving system, and this position, therefore, corresponds 
to the average phase difference between the phase voltages and 
currents fc^r the three-phase system. 

In the singU-pJime iristrument the moving system consists of two 
sets of vanes arranged as shown in Fig. 249. The two magnetizing 
coils are supplied, from the single-phase system, with currents 
having a phase difference of 90°, a reactance being comiected in 
series with one coil and a non-inductive resistance in the other coil. 
The current coil is similar to that of the three-phase balanced -load 
instrument (Fig. 246). 

Synchboscopbs 

A synchroscope, or synchronism indicator, is a special form of 
phase meter for indicating the phase coincidence of the E.M.Fs. of 
two alternators, or two alternating-current supply syst(;ms, which 
are to be operated in parallel. 

Requirements. When an alternator is to be operated in parallel 
with other alternators already in service, the switch connecting the 
incoming machine to the bus- bars must bo closed at the instant 
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when the E.M.F. of this machine is equal to, and is in phase-opposi- 
tion with, the E.M.F. at the bus-bars, and the frequency of the 
two E.M.Fs. has the same value. With a polyphase machine the 
direction of phase rotation must agree with, that of the bus-bars. 

The equality in the magnitudes of the E.M.Fs. is indicati^d either 
by two voltmeters or a differential voltmeter (called a “ parallel- 
ing ” voltmeter). The latter consists of two moving systems fitted 
to a common spindle and acted upon differentially by operating 
(joils excited from the bus-bars and the incoming machine 
respectively. 

The coincidence of phase* may be indicated in a number of ways, 
such as by incandescent lamps suitably connected ; by a com- 
bination of vibrating reeds ; and by a special form of phase in(;ter. 
Two important requirements — cspcicially in large generating stations 
whert^ the consequences resulting from incorn^ct closing of the 
switch are very serious — are that the coincidence^ of phase shall be 
indicatcxl accurately, and that accurate indications shall be given 
of small phase differences in the E.M.Fs. of the incoming machine 
and bus- bars. These requirements are satisfied only with the 
phase-meter type of indicator, in wdiich precautions hav(» been 
taken to scjcure sensitiveness and low inertia of the moving system. 
Moreover, this type of indicator also indicatcis whether the frequency 
of the incoming machint^ is lower than, equal to, or higher than, 
the frecpieney at the bus-bars. 

With polyphase alternators and systems, the phase coincidence 
is indicatc'd by a single-phase instrument connected across (Corre- 
sponding line wii’es of the bus-bars and incoming machine. The 
direction of phase rotation of the incoming machine must agr(*e 
with that of the bus-bars, and this must b(c tested before^ any 
attemj)t is made to parallel the machine. Methods of testing the 
phase rotation are given in Chapter XVIII. 

Principles of Operation. The electromagnetic principki of opera- 
tion is employed in the phase-meter type of synchroscope. Both 
the moving-iron and the electro-dynamic forms of construction are 
employed in practice, but the moving-iron form of instrument is 
in more general use, as the moving system can be given complete 
freedom of movement, and the pointer can travel over the full 360° 
of arc, as shown in Fig. 248. To obtain accurate indications from 
a moving-iron instrument, however, the effects of hysteresis and 

♦ Although the K.M.Fs. are actually in phase-opposition relative to each 
other, it is convenient to consider that they are in phase but that one is re- 
versed relatively to the other. The term “ phase coincidence,” aa employed 
in connection with synchroscopes, is to be interpreted in this manner. 
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eddy currents in the moving-iron elements must be reduced to a 
minimum, and the inertia and friction of the moving system must 


be as small as practicable. 

The moving-iron instrument may operate 
with either a rotating magnetic field or 
an alternating magnetic field. When a 
rotating field is employed, the moving- 
iron vanes are liable to be acted upon 
by the rotating field, as in an induction 
instrument, and precautions must be 
taken to reduce to negligible amount 
the torque due to this effect. Instruments 
which operate with an alternating field 
are fn^e from this defect. 



Fig. 248. External 
View of Moving -iron 
Synchroscope 


Construction. A diagram showing the (Nalder Broe. d: Thompson.) 


connections and essential parts of the 



A fl, A/, Af, 


Fig. 249. Principle of Moving- 
iron Alternating -FIELD 
Synchroscope 


moving-iron synchroscope is given 
in Fig. 249.* This instrument is 
of the Lipman alternating-field 
type. The moving system is 
identical with that of a single - 
phase power factor meter, and the 
magnetizing coils and the 

method of obtaining tlu^ required 
phase difftTcnco in their exciting 
currents are also identical in th(^ 
two cases. The magnetizing coils 
are excited from the incoming 
machine. 

The fitdd coil, A, however, is 
wound with fine wire and, togetlier 
with a non-inductive series resist- 
ance, is cormected to the bus-bars. 

Theory of Action of Moving-iron 
Instrument. When the frequency of the 
incoming macliine is equal to that at the 
bus-bars, the action of the moving-iron 
synchroscope is identical with that of 
the corresponding form of power- fact or 
meter, the angular displacement of 


the pointer from the central position 
being proportional to the phase difference between the two E.M.Fs. When, 


however, the E.M.Fs. have different frequencies, the moving system rotates 
in one direction or the other, according to whether the frequency of the 


♦ For other examples, including lamp synchroscopes, see Power Wiring 
Diagramat Third Edition, pp. 124-128. 
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incoming mflchine is higher or lower than that at the bus- bars. The speed 
of rotation, in revolutions per a(3cond, is equal to the difference between the 
two frequencies. 

Hence if E 2 denote the H.M.Fs. applied to the fixed and moving-coil 
circuits, / the frequency at the bus- bars, / ± /' the frequency of the incoming 
machine, the instantaneous torques are 

^A(insi) = “ 9^*") sin[27r(/ f')t •£ a] sin 2nft 

-- cos(d - 90**) [cos(± 27 t J't :f a) -co8(27r(2/-I-/')fia) ] 

^ "" ^ 8m[2n{J :l f')t - in ± a] sin 2njt 

= - k^E^E 2 coa 6 [coB{±2n ft a-in)~coa{2n{2f-{-f)t \_a-in)] 

where a is the phase difference between the two E.M.Fs. 

If /' — 0, i.e. the frequency of the incoming machine is equal to that at 
the bus- bars, the above expressions reduce to 

~ kiEiE 2 sin 0fcos 4- a - cos(47r/< t a)] 
and ~ “ kJi^iE^ cos 6 fsin ± a- a\n(4njt ± a) ] 

Hence tlie mean torques are 

™ kiE^E 2 sin 0 cos 4: a 
and = - k^E^E 2 cos 0 sin i a 

The condition for equilibrium is that = 0, 

i.e. sin 0 cos 4: a — cos 0 sin ± a . . . . . (186) 

or 0 = 4- a 

Thus the pointer is stationary, and its deflection from the “ zero ” positioti 
(which is vertically upwards) represents the phase difft^rence Iwtweon the 
E.M.Fs. 

If the frequency of the incoming machine differs slightly from that at the 
bus- bars, the torques tending to deflect the moving system will l>e given by 
S'a= kiF^E^ sin 0 cos(4: 27:ft [; a) 
and ~ k^EiEi cos 0 sin(4: 2nft 4 . «) 

since the component torques having a frequency of 2/ 4. f will have no 
effc'ict upon the moving system. 

Plonce, for equilibrium 

sin 0 cos(4i 2Tcft -± a) ^ cos 0 8in(4: 2nft 4 : u) . • (187) 

i.e. 0 — 4: 2nft 4^ a 

Thus the moving system rotates with an angular velociity equal to that 
corresponding to the difference iii the two frequencies (i.e. one revolution 
corresponds to a difference of one cycle in these frequencies), and the direction 
of rotation depends upon whether the frequency of the inconiing machine 
is higher (/' positive) or lower (/' negative) than tlio frequency at the bus-bars. 


Frequency Meters 

Principles of Operation. A number of principles may bo employed, 
such as (1) mechanical resonance, (2) electrical resonance, (3) varia- 
tion of (di^ctrical characteristics with fn^quency of two parallel 
circuits containing resistance and inductance. Instrunu^nts operat- 
ing on electrical principles form interesting examples of the 
application of the (elementary principles discussed in the earlier 
chapters. 

Mechanical Resonance or Vibrating-reed Frequency Meters. In 

these instruments a number of steel reeds, which are so tuned that 
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the natural frequencies of successive reeds differ slightly from one 
another, are acted upon by an electromagnet excited from the 
supply system. Only those reeds having a natural frequency 
approximately equal to that of the exciting current will show 
visible vibration, and, if this frequency coincides with the natural 
frequency of any particular reed, that reed wiW have a large ampli- 
tude of vibration. If the frequency of the exciting current lies 
between the natural frequencies of two adjacent reeds, these reeds 
will vibrate with approximately equal amplitudes, which, however, 
will be less than the maximum. Thus the accuracy with which the 
frequency can be measured depends upon the interval between the 
natural frequencies to which the successive reeds are tuirc^d. This 
disadvantage has led to the disuse of this form of frequency meter, 
the deflectional type being now always employed. 

Electrical Resonance Frequency Meters. The operation of these 
instruments depends upon the principle that both the power and 
factor of, and the current in, a series resonant circuit supplied at 
constant voltage change with the frequency. At resonance fre- 
quency the power factor is unity and the current is a maximum ; 
when the frequency is decreased or increased, the power factor 
becomes lagging or leading, respectively, and tfie current diminishes 
rapidly (see Fig. 46, p. 87). 

Construction. The instruments are similar in construction to 
the moving-coil and moving-iron forms of single-phase power-factor 
meters. The operation of the moving-(?oil form of instrument may 
be made to depend tipon cither the variation of power factor, with 
frequency, of a single n^sonant circuit, or the variation of current, 
with frequency, in two resonant circuits which have different 
resonances frequencies and are connected in parallel. With moving- 
iron instruments the operation depends upon the variation of 
power factor, with frequency, of a single resonant circuit. 

Moving-iron, Resonant C^cuit, Frequency Meter. The circuits of 
an instrument of the Lipman type are shown in Fig. 250. The 
moving system is practically identical with that of the synchroscope 
(Fig. 249), and the two magnetizing and fudd coils are also 
identical in the two cases. 

The r(*.sonant circuit consists of tlui held coil, A, and a condenser 
of suitable capacity connected in series, the held coil itself providing 
the required inductance. This circuit is adjusted so that its reso- 
nance frequency corresponds to the mid-point of the frequency 
range of the instrument. 

The deflection of the moving systtjm from the central, or mid- 
scale, position is proportional to the phase difference between the 
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voltage impressed upon, and the current in, the resonant circuit, 
and the action of the instrument is similar to that of a single-phase 
power-factor meter. 

An inductance, Lg, is connected in series with the instrument for 
the purpose of rendering its indications practically independent of 
the wave -form of the supply circuit. 

Frequency Meters with Parallel Circuits Having Dissimilar Elec- 
trical Characteristics. Frequency meters depending for their opera- 
tion upon the variation of current, with change of frequency, in 



Fig. 250. Phinciplis of Moving-ihon, 
Altehnating -FIELD, Resonant- 
cmcuiT Fkeqitency Meter 



Fio. 251. Principle of 
Moving -IKON Parallel- 
ciRciTiT Frequency 
Meter 

{Everett-lidgcumbe db Co.) 


parallel-connected circuits containing resistance and inductance, 
or resistance, inductance and capacitance, are constructed in both 
the induction and moving-iron forms. 

In induction instruments two travelling magnetic fields act upon 
a pivoted aluminium disc or drum which is free from controlling 
forces. The torques due to these fields oppose each other, and 
follow different laws with respect to the frequency. Stabilitj^ be- 
tween the torques for a definite frequency is obtained by shaping 
the disc or drum, so that one field acts upon a diminishing surface, 
and the other field acts upon an increasing surface. 

The principle of a moving-iron instrument (due to Coleman) is 
shown in Fig. 251. Two assemblies of soft-iron discs, i?j, JBg, 

27-(T.5245) 
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are mounted eccentrically on the spindle of the instrument, and 
are spaced sufficiently far apart to avoid mutual interferenc/C. The 
magnetizing coils, A^, connected in the branches of a parallel 

circuit, the constants of which are chosen according to the frequency 
range desired. 

Thus for a wide range of frequency, e.g. 40 to 60 cycles per sec., 
one circuit is principally resistive and the other is inductively 
reactive. For example, a resistance is connected in series with the 
magnetizing coil A^, and an inductive reactance is connected in 



Fig, 252 . Arrangement of Electric and Magnetic Circuits 
( a) OF Induction Frequency Meter (Drum-type) 

The development of the cylindrical (surface of the drum Is shown at (b), and an end 
view of the drum is shown at (c) 

{N alder Bros. & Thompson) 


series with the magnetizing coil A^. The current in the former 
circuit is therefore independent of the frequency, while the current 
in the latter circuit is inversely proportional to the frequency. In 
order to reduce errors due to distorted wave-form, a choking coil is 
connected in series with the parallel circuits. 

For a medium range of frequency, e.g. 45 to 66 cycles per sec., 
one circuit contains a condenser and a choking coil, which are 
adjusted to give a current which increases with the frequency over 
the range of the instrument. The other circuit is inductively 
reactive, as in the previous case. 

For a narrow range of frequency, e.g. 48 to 62 cycles per sec., 
both circuits contain condensers and choking coils, as shown in 
Fig. 251. One circuit, is adjusted to give a current which 

rises rapidly with the frequency (over the range of the instrument), 
and the other circuit, is adjusted to give a current which 

falls rapidly with the frequency. 



COMMERCIAL MEASURING INSTRUMENTS 403 


Construction of Drum-type Induction Frequency Meter. The 

arrangement of a Lipman type of instrument is shown in Fig. 252. 
The operating magnets resemble those of other Lipman induction 
instruments, but in the present case the poles of the outer magnet 
are cut away so as to reduce the pole arc. 

The outer magnet is wound with primary and secondary windings, 
E, Fy respectively, as for a voltmeter, except that the secondary 
winding is designed for a higher voltage, A reactance coil, X, is 
connected in series with the primary winding to reduce errors due 
to harmonics if present in the w^ave-form of the supply voltage. 

The inner magnet has two independent exciting windings, G and 

. Both are supplied from the secondary winding F, but a react- 
ance, Ly is connected in the circuit of G, and a resistance, i?, is con- 
nected in the circuit of H, Another resistance, i?, common to both 
circuits, is provided for adjusting purposes during the calibration 
of the instrument. 

The exciting windings on the inner magnet produce, in combina- 
tion with the winding on the external magnet, travelling fields in 
the air-gap, which move in opposite directions relative to the drum. 
These fields are of equal strength at the frequency corresponding 
to the central scale position of the pointer. 

A change of frequency alters the relative values of these fluxes 
(e.g, an increase in frequency will cause the current in coil G to 
decrease and that in coil H to increase), and the drum will, there- 
fore, take up a new position of equilibrium. 



CHAPTER XVII 

INSTBUMENT TRANSFORMERS 

Use of Instrument Transformers in Practice. The range of alter- 
nating current switchboard instruments is usually extended by 
means of transformers — in preference to series resistances and 
shunts — as, in addition to extending the range, the transformers 
also insulate the instruments from the main circuit, and therefore 
enable low-voltage instruments (supplied through transTormers) to 
be used with safety on high-voltage circuits. In such cases the 
current circuits of the instruments are designed for a maximum 
current of 5 A., and the pressure circuits are designed for a maxi- 
mum pressure of about 100 V. Again, with transformers, the range 
of an instrument may be extended almost indefinitely with only a 
small increase in the power consumption, as the losses in the 
transformer are extremely small. 

The use of transformers with instruments, however, introduces 
slight errors into the instrument readings, and these errors must 
be taken into consideration when accurate results are required. 
Usually the errors are only important in connection with wattmeter 
readings at low' power factors, and the method of applying the 
corrections is discussed later. 

Construction. CurreMt Transformers. The primary winding of a 
current, or series, transformer is connected in series with the main 
circuit, and the secondary winding is connected to the current coil 
of the measuring instrument, the function of the transformer being 
to supply the instrument with current proportional to that in the 
main circuit and in phase opposition thereto.* The current range 
of the instrument connected to the secondary winding is usually 
5 A. 

The number of turns in the primary winding vary with the type 
of magnetic circuit and the magnitude of the current in the main 
circuit, and when this current is large the primary winding consists 
of a single conductor. 

The insulation of the primary winding is of extreme importance 
in transformers for high-voltage circuits. After being wound and 
insulated, the windings are impregnated, in vacuo, with insulating 

* The phase relationship of the currents is important only in connection 
with power measurements. 
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compound, and the entire transformer may be either immersed in 
oil or fitted into a case and filled with insulating compound applied 
in vacuo. 

The magnetic circuit is constructed of high quality laminations 
and may take the form of a ring, a rectangle, or a double rectangle, 
as shown in Fig. 253. For the highest accuracy the laminations 
must be of good quality alloyed iron, and the magnetic circuit must 
be ^vithout joints, thereby necessitating hand-wound coils. In 
commercial transformers, considerations of cost require the use of 
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machine wound coils, and therefore a jointless magnetic ciixuiit 
cannot be employed. But the laminations at the joints must be 
interleaved so as to reduce the reluctance. 

Potential Transformers, In these transformers the primary winding 
is connected across the supply system and the secondary winding 
is connected to the pressure circuit of the measuring instrument, 
the function of the transformer being to supply the latter with a 
potential differencse proportional to the voltage of the supply 
system and in phase opposition thereto.* 

The primary winding must therefore consist of a large number 
of turns and must be adequattiy insulated. Moreover, the terminals 
must be separated from one another and must be adequately 
insulated from the frame by porcelain or other bushings. Fuses 
are necessary as a protection against breakdown of the insulation, 
internal short-circuits, etc., and these are usually mounted on 
bushings adjacent to the terminal bushings. 

The magnetic circuit is constructed of high-quality laminatioiis 

• The phase relationship of the voltages is important only in eoiiiiec-tion 
with power measurements. 
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and takes the form of a single rectangle (Fig. 264a) for single-phase 
transformers, and a double rectangle (Fig. 2646) for three-phase 
transformers. As former wound coils are only permissible in the 
present case, the laminations forming the cores and yokes must be 
assembled after the coils are in position and the joints must be 
interleaved. 

The coils forming the secondary and primary windings are located 

symmetrically one over 
the other on each core 
of the magnetic circuit, 
the primary coils being 
outside the Secondary 
coils. For high-voltage 
circuits the primary coils 
are wound in sections, 
the several sections being 
separately insulated and 
connected in series. The windings are impregnated in vacuo in 
the samti manner as those of current transformers. 

Connections of Transformers and Instruments. The diagrams of 
Fig. 266 show the connections of an amraeterj a voltmeter, and a 
single-phase wattmeter, or power-factor meter, wluui used with 
instrument transformc^rs. 

If the ammeter, voltmcW, and wattmeter are soaked as straight- 
through (i.e. low voltage) instruments, the current in the main 
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Fio. 255. Connection Diagrams for Instruments Used with 
Instrument Transformers 


circuit will be given by : Ratio of current transformer X ammeter 
reading ; the voltage by : Ratio of potential transformer x volt- 
meter reading ; and the power by : Wattmeter reading X ratio of 
current transformer X ratio of potential transformer. 

When extreme accuracy is required in connection with power 
measurements, the correction factors of the transformers must be 
known. 

In the connections for the wattmeter and power-factor meter, a 
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knowledge of the relative polarities of the secondary terminals of 
the transformers with respect to the primary terminals is important, 
otherwise the instruments may be so connected as to read 
improperly. 

The relative j)olaritics of the terminals of the primary and 
secondary windings should be marked by the manufacturer, either 
by conventional signs or letters. In the event of a transformer 
having no markings the relative polarities of the terminals may be 
determined very simply by passing a small direct current through 
one winding and connecting a low reading permanent-magnet 
moving-coil voltmeter across the other winding. Then, if the 
voltmeteB deflects up the scale on closing the direct-current eircniit, 
the terminal of the transformer which is connected to the positive 
terminal of the voltmeter will have the same polarity as that which 
is connected to the positive terminal of the direct-current supply. 
Precautions should be taken to avoid leaving the magnetic circuit 
of the transformer in a highly magnetized condition, otherwise its 
accuracy will be impaired. 

Precautions to be Observed with Current Transformers. When 
using current transformers it is important that the secondary circuit 
be always closed when current is passing through the jjrimary 
winding, otluirwise the magnetic (iircuib may bcicome highly 
saturated. The iron losses and the heating of the core will then 
become excessive, and a relatively high voltage will be induced in 
the secondary winding which may cause a breakdown of the 
insulation betwenm adjacent turns and a burning-out of the trans- 
former. Even if the transformer is capable of successfully with- 
standing these abnormal conditions, it is highly probable that, when 
the primary current is switched off, or the secondary circuit is 
again closed, the magnetic circuit will be left in a highly -magnetized 
(jondition, which will impair the accuracy for future work. To 
restore the core to its normal magnetic state, it must be demag- 
netized by passing an alternating current through the primary 
winding (with the secondary winding open circuited) and gradually 
decreasing this current to zero. 

When current transformers are used with portable instruments, 
precautions are necessary to avoid errors due to (1) the relatively 
large stray magnetic field which may exist with open-tyjjc trans- 
formers for high-voltage circuits owing to the separation of the 
primary and secondary coils ; (2) the inadvertent substitution of 
instruments having a range (c.g. 1, 2, or 3 A.) lower than the 
standard range (6 A.), as the former have a much higher impedance 
than the latter and may involve operating conditions in the 
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transformer which may be quite different from the normal 
conditions. 

Theory of Current Transformer. In an ideal trarmformer the magnetizing 
ampero-tums and fcho losses are zero, and therefore, (1) the ratio of primary 
and secondary currents is constant for all loads ; and (2) the phase difference 
between these currents is 180®. 

The vector diagram representing these conditions is shown in Fig. 256a, 
in which OO represents the flux ; OEi, the E.M.Fs. induced in the 

primary and secondary windings (which are directly proportional to tlie 
numbers of turns in these windings) ; OFi(= - the potential difference 

at the terminals of the primary winding ; 07^, the current in the secondary 
circuit lagging 73® with respect to OE^ ; 07?, the ampere-turns due to the 
secondary winding; 04 (—“OB), the ampere-turns due to the primary 
winding ; and 07^, the ctlrrent in the primary circuit. Observtj that, since 
the resultant ampere-tums are zero, the ratio of currents is equal to the 
inverse ratio of turns, i.e. Ji/Zj = where /j, /j, denote the primary 

and secondary currents, respectively, and the number of turns in the 

primary and secondary windings, respectively. 

In a practical transformer a deflnite number of ampere-turns are required 
for the magnetic circuit, there are losses in the core and windings, and 
magnetic leakage occurs between the windings. The vector diagram repre- 
senting those conditions is shown in Fig. 2566, some of the vectors being 
exaggerated to obtain legibility. The diagram is drawn with the secondary 
current as the vector of reference, since when this current, together with data 
of the transformer, are known, the Induced E.M.B's., the flux, and the primary 
current may be readily determined. 

The E.M.F. induced in the secondary winding is represented by and 
balances the vector sum {Od) of the internal E.M.Fs. due to the resistance and 
reactance of the secondary circuit, of which Oo, be — in i)hase opposition with 
respect to the secondary current — represent the E.M.Fs. due to the resistances 
of the secondary winding and load (i.e. ammeter or otlior instrument), 
respectively, and a6, r<i— lagging 90° with respect to the current — represtmt 
the E.M.Fs. due to the reactance (inductiv«>) of the load and the leakage 
reactance of the secondary winding, nispectively. 

The E.M.F. induced in the primary wmiding is represented by OE^, the 
ratio OE^jOEi being equal to the ratio of the numbers of secondary and 
prunary turns. 

The flux is represfjnted by OO, which leads the induced E.M.Fs. by 90°. 
The magnetizing ampere -turns are represented by 07), and the exciting 
ampere-turns by 00, the latter leading the flux by the angle a. Tlie exciting 
ampero-tums are tlie resultant of the ampere-turns due to the primary and 
secondary windings. Hence, if the ampere-turns of the secondary winding 
ore represented by 07?, then the vector sum {OA) of OB reversed and 00 
will represent the primary ampere-turns. The primary current is, therefore, 
represented by 07. 

The voltage at tlie terminals of the primary winding is represented by 
OFi, and is equal to the vector sum of the induced E.M,F. {OE^) and the 
E.M.Fs. due to the resistance and leakage reactance of the primary winding, 
these E.M.Fs. being represented by Oe and O/, respectively. 

If this vector diagram. Fig. 2566, is compared with that. Fig. 266o, for an 
ideal transformer, we observe that, in the commercial transformer — 

1. The ratio of primary and secondary currents is not strictly pro- 
portional to the ratio of the numbers of turns. 

2. The phase difference between these currents is less than 180°. 

3. The ratio and phase difference arc not constant, but vary with the 
magnitudes of the currents and the impedance of the secondary circuit. 

To approach ideal conditions in a commercial transformer, the exciting 
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amporo -tarns must be small in comparison with the primary, or secondary, 
ampere-turns, and the resistance and reactance of the secondary circuit 
must be kept as low as practicable. 

Expressions !or Ratio and Phase Angle of Current Transformer. The ratio of 
the primary and secondary currents (called in practice the “ ratio ” of the 
transformer) may be calculated from the vector diagram, the vectors concerned 
being drawn separately in Fig. 256c, in which the secondary ampere- turn 
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vector is reversed from its normal position. From this diagram we obtain 
the relation 

OA OB cos ft -f OC 8in(a + •-}- P) 

whore p is the angle between the j)rimary amporo-turns voctor and the 
reversed secondary ampere-turn vector. This angle (/?) is called the “ phase 
angle ” of the transformer, and is usually very small (from about ()*5® to 3-0®). 

Substituting ampere-turns in this expression, we have 
IiNi cos P -f lo^i <P 2 + P) 

whore is the fictitious exciting current (i.e. 7^ = exciting ampore-turns/A^i). 

Whence — = ^ cos I -f ~ sin(a -j- ffi f' P)- (11^^) 

i* iVj I 2 

or, since p is a small angle, we have, to a very close approximation, 

^ + ^Bin(a + 9 ^ 2 ) .... (188a) 

iVi i2 ' 

Hence, on account of magnetizing current, losses, and reactance in the 
secondary circuit, the ratio of turns (i.e. must bo smaller than the 

ratio required for the currents. For example, a transformer designed for a 
ratio of 10 : 1 would have equal to between 9-8 to 9*9. 

Observe that both the exciting current (/g) and a depend upon the flux 
density and the magnetic qualities of the core. With a given transformer, 
the flux density is almost directly proportional to the E.M.F. induced in the 
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secondary winding, and with a given secondary current, this E3.M.F. is 
proportional to the impedance of the secondary circuit. 

An alternative expression for the ratio may be obtained by resolving 
the exciting ampere -turns into in-phase and quadrature components with 
respect to the primary voltage V^. Thus, if these components are denoted by 
N^Iqp and NiIq^ respectively, and are represented by the vectors O/, Og 
respectively, in Fig. 256 (d), then, since ^ is a small angle, wo have to a very 
close approximation 

NJi = + NJop cos -f sin (p^. 

Whence 


/i — 1 2 \~ Iqp 008 9^1 ^ sin T’j 

and ^ cos (p^ f ^ sin (p^ . 

The phase angle, fiy is readily determined from the diagrarfl, 
Thus 


tan R r- cQ«(Q + ^2 +_j^) ^ cos (a (p^ + ft) 

^ OB cos p cos p 

Since is a small angle, wo have, to a close approximation, 


. (189) 

Fig. 256c. 

. (190) 


P radians 



COS (a -f~ q}^) 


(190a) 


Observe that the vector O/j of the secondary current is loading with respect 
to the reversed vector of the primary current. 

Data of Current Transformer. A commercial current transformer, intended 
for a primary current of 60 A., a secondary current of 5 A., and a secondary 
load of 40 V.A., has a ring core wound with 30 primary turns and 294 
secondary turns. The resistances (at 20® C.) of the windings are 0*018 ohm 
(primary) and 0*65 ohm (secondary). The mean diameter of the core is 
10 cm. and the magnetic cross-section is 5 cm.^ 

Theory of Potential Transformer. In an ideal potential transformer without 
losses, the voltages at the terminals of the primary and secondary windings 
are equal to the E.M.Fs. induced in these windings, and their ratio is constant 
and equal to the ratio of the numbers of turns in the windings. Thus, 
Fj/Fa = ^ 1/^2 = NifN^. Moreover, with constant frequency the flux in 
the core is proportional to the voltage apiilied to the primary winding. 

The vector diagram is shown in Fig. 257a, in which 0^ represents the 
flux in the core ; OE^y the E.M.Fs. induced in the primary and secondary 
windings, respectively; 0Fi(=-0^i), the impressed E.M.F. ; O/g, the 
current in the secondary circuit ; OB^ the secondary ampere-turns ; 
0A{— - OB), the primary ampere-turns ; and 01 1 , the primary current. 

In the diagram for the practical transformer. Fig. 2576, the secondary 
terminal voltage is taken as the vector of reference, OFg. The current m 
the secondary circuit is represented by 01 2 , which, in practice, lags by a 
small angle with respect to OFg, The E.M.F. induced in the secondary 
winding is represented by obtained by compounding with 0 Fj the 

pressure drops due to the resistance and leaking reactance of the secondary 
winding, those pressure drops being represented by F^a and aE^, respectively. 

The flux leads OE 2 by 90®, and is represented by 0<1>. The exciting ampere- 
turns are represented by OC, and from this vector and the vector OB, repre- 
senting the secondary am pore -turns, the vector OA, rei)resenting the primary 
ampere-turns, is obtained. The primary cui’rent is therefore represented 
by Oil. 

The E.M.F. induced in the primary winding is represented by OEi, the 
ratio OEijOE^ being equal to the ratio of the numbers of turns in the windings. 
The external voltage at the terminals of the primary winding is represented 
by OVi, and balances the induced E.M.F., OEj, together with the internal 
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E.M.Fs. dtie to the resistance and reactance of the primary winding, these 
E.M.Fs. being represented by Oc and Od, respectively. 

Expressions for Ratio and Phase Angle of Potential Transformer. The ratio 
of the primary and secondary voltages (called in practice the “ ratio ” of the 
transformer) is easily calculated from the vector diagram if the diagram is 
re -drawn with all secondary voltage vectors increased in the ratio 
and the secondary current vector diminished in the ratio N^fN ^ ; i.e. the 
scale for secondary voltages is NilN 2 times that for the primary voltages, 
and the scale for secondary currents is times that for primary currents. 

Thus the vector representing the E.M.F. induced in the secondary is now of 
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equal lengtli to that representing tlie E.M.F. induced in the primary windmg. 
The new vector diagram for the quantities concerned is shown in Fig. 257c. 

If the various voltage vectors are projected upon OV^ produced, we have 

cos y = ^ (^ 2^2 ^Jos (p 2 + J 2 X 2 sin g?*) -|' ^ 1(^1 cos 0 + sin 0) 

whore y is the angle between OV 2 and OVi reversed ; 0 is the angle between 
O V 2 rovorsod and /j ; TJg, X 2 are the resistance and leakage reactance, re- 
spectively, of the secondary winding ; By X^, the resistance and leakage 
reactance, respectively, of the primary winding. 

Now y is usually much less than 1®, so that, to a very close approximation, 

cos y 1 -0 : 

7 1 cos 0 ( 751^^2 /^i) cos gia + sin a ; 

7i sin 0 = { 12 X 21 X 1 ) sin gij + 7^ cos a 
Hence, substituting in the preceding expression, we have 

r, = ^ ^ ’P*) + ^* (^* ^ “) 

+ X, sin <Pt + ^o°°s 
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+ io(i?i sin a + cos a) 


-- V‘. 


N\ 


+ A I [(^i. + (^J\) cos + (x, + (^;) X,)sin y.] 


+ 1q{Ri sin a + Xi cos a) 


Now component of the primary current- whicli balances the 

secondary ciu*rerit i® called t)ie equivalent secondary current referred 

to the primary circuit. Similarly, ^ 2 (^ 1 1 ^ 2 )^ S'**© called the 

equivalent resistance and reactance, respectively, of the secondary winding 
referred to tlio primary circuit. These equivalent quantities will bo denoted 
by I 2 , ^ 2 - Hence the preceding expression becomes » 

+ VMR^ + /f,') cos (P 2 + (Xi + X',) sm 
■ 4 - 1q{Ri sin a + Xj cos a) 
and the ratio (F^/Fg) is given by 

V, N, 

, + -KjOcosy, + (X, + Xj')Bin y,) + i„(K, sina + X, cosa) 

"I y 


or, since (p^ and a are usually small angles, we have, approximately, 
N, I,'{R, + R,') 4 IoX^ 

Fg Fg . , . . 


(191a) 


Observe that, on account of losses, magnetic leakage between the primary 
and secondary windings (to which the leakage reactances Xj, Xg, are due), 
and magnetizing current, the ratio of turns (iVj/iVg) must l)e slightly smaller 
than the ratio required for the terminal voltages. Also, since Y'g is usually 
small in comparison with 7^, and Xj is greater than {R^ -f i^g'), the term 
IqXi in equation (191a) is more important than the term I^iR^ + /ig')* 
Thus the ratio is given very approximately by 


Fg iVg^ Fg ' 


. (191?0 


The phase angle* y, of the transformer is readily calculated from the vector 
diagram. Thus 


sin y = ^ (7gXa cos ^g - /gJig sin (/^g) + 7^ (X^ cos 0 - i^^sin 0 )J 
or, since y is a very small angle, sin y y (in radians), 

y radians = ^ [72'{(Xi 4 Xg') COB (pg - {R^ + R^') sin (p^) 

4- 7^(Xi sin a - 7?i cos a)] ..... (192) 


Application of Correction Factors for Ratio and Phase Angle. The correction 
factors for ratio and phase angle of instrument transformers vary with the 
magnitude and nature of the load connected to the secondary winding. 
I’he correction factors for a given transformer, are therefore expressed in the 
form of curves, typical examples being given in Figs. 258, 269. 

With measurements of current and voltage using instrument transformers, 
the instrument readings are multiplied by the ratio correction factors, the 
application of which in this case is quite straightforward. 
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With power measurementB in single-phase circuits by the wattmeter method, 
correction factors for both ratio and phase angle must be applied to the 
instrument readings, together with the correction factors for the wattmeter 
itself. 

In applying the correction factors for pliase angle, we observe, from 
Fig. 2566, that, for the current transformer, the secondary current leads the 
reversed primary current, but that, for the potential transformer and the 










1 






Secondary Amperes 
Fig. 258. Co*ibkction Factor and Phase Angle Curves for 
High-class Ctiruknt Transformer with Ammeter and Wattmeter 
Connected in Secondary 
(Silicon-stoel core) 

conditions represented in Fig. 2576. the secondary terminal voltage is lagging 
with respect to the reversed primary terminal voltage. W'ith potential 
transformers, however, the secondary terminal voltage may bo in phase 
with, or lagging, or loading the reversed primary voltugi^, according to the 
design of the transformer and the nature of tihe load. 

Hence, if (p is the phase difference bc*tween line voltage and lino current, 
tlie pliase dillorerico between the secondary terminal voltage of the potential 



io 40 60 $0 m ffO 

Secondary Volts 

Fig. 259. Correction Factor Curves for Potential 
Transformer 

(Sillcon-stefl core) 


transformf’r and the current in the secondary circuit of the current transformer 
is (p - {p :t y) when (p is lagging, and (p -h P dz V when (p is leading, the plug 
sign being used in connection with y when tlio sc^condary terminal voltage is 
lagging, and the minus sign when this voltage is leadmg, with respect to the 
reversed primary terminal voltage. 

If d is the phase difference (lagging) btjtween the voltage applied to the 
potential circuit of the wattmeter and the current in this circuit, the phase 
difference between the currents in the fixed and moving coils is g? - (jS dty 4- 
when (p is lagging, and q> -{■ P ± y + d when (p is loading. 

Hence, if cos <p^ is the apfiarent power factor determined from the ratio of 





414 


ALTERNATING CURRENTS 


tho uncorrected wattmeter reading and the readings of the ammeter and 
voltmeter, the power factor cos (p of the primary circuit is given by 
COB [w^ i (i5 db y 4* 5)]» the pltis si^ to be taken for lagging power factors 
and the minus sign for leading power factors. 

Therefore the power in the primary circuit is given by 

P = [co8 q>looa{(pa ± (i? ± y + 5)} ] 

X wattmeter reading x corrected ratio of current transformer x corrected 
ratio of potential transformer, when the power loss in the instruments is 
ignored. 

Example. The following readings (corrected for calibration of instruments) 
were tal^n on a voltmeter, an ammeter, and a wattmeter connected (as in 
Fig. 255c) to instrument transformers on a high-voltage circuit, tho load 
having a lagging power factor. 

Volts 100*2 ; Amperes 3*4 ; Watts 280. 

Data of the instrument transformers are as follow — » 


Hence, 


Current transformer — 

Nominal ratio . . . . . . 15 : 1 

Ratio correction factor for a secondary load of 3*4 A. 0*992 
Phase angle at this load (/?) . . . . 0*75® 

Potential transformer — 

Nominal ratio . . . . . . 20 : 1 

Ratio correction factor . . . . .1*001 

Phase angle (y) ..... . --0*25® 


Current in mam circuit = 3*4 x 15 X 0*992 -- 50*6 A. 
Voltage of main circuit = 100*2 x 20 X 1*001 2000 V. 

Apparent power factor (from instrument readings) 

280 

Phase difference {(p^) between voltage and current in 
instrument circuits = cos*^ 0*822 -- 34*7® 

Actual phase difference (99) between voltage and current) 
in main circuit = “-(/?- y) = 34*7 -- 0*75 + 0*25 

= 34*2® 

Power factor of main circuit 

= cos (p ~ 0*827 
0*827 

Power in main circuit = ^ X 280 X 15 X 0*992 
X 20 "x 1*001 - 83,900 W. 


With power measurements in three-phase circuits by the two-wattmeter 
method the effect of the phase angles of the instrument transformers is to 
reduce the phase differences of tho currents in the fixed and moving coils of 
the wattmeters by the angle dz y + <5. Hence, with balanced loads, the 
phase difference between the currents in the coils of wattmeter No. 1 is 
[30® 4- {93- (jS d: y 4- ^)}] = (30® 4- 9?^), and that between tho currents in 
the coils of wattmeter No. 2 is [30®- {(p-{p i: y -f «5)}] = (30® -99^,), 
assuming that similar transformers are used in each phase. 

If Fj, 1 2 denote the voltage and current for the secondary circuits of the 
transformers, the readings of tho wattmeters represent the quantities 
Fg/a cos (30® + 9?^), and F, 7, cos (30® - 9?^). Whence the algebraic sum 
of the readings represents the quantity y'S . Fj/j cos 90^. 

Therefore the power in the primary circuit is given by 

P = [cos 9? /cos {93d:i5±y + d}] 

X algebraic sum of wattmeter readings X corrected ratio of current trans- 
former X corrected ratio of potential transformer. 



CHAPTER XVIII 

ALTEBNATINa-CUBBENT MEASUREMENTS 

In this chapter we shall discuss a few of the methods available for 
determining the principal constants of electric circuits and apparatus 
as well as methods of measuring current, potential difference, and 
power. The methods of determining the direction of the phase 
rotation of a polyphase systc'm will also be considered. 

Simple « Measurement of Inductance and Capacitance by the 
« Impedance ” Method. This method possesses the advantage of 
simplicity. It is very convenient for the test-room and laboratory 
when a high degree of accuracy is not required, and when the value 
of the impedance under test is within the range of the instruments 
available. 

The general procedure is to measure the impedance of the 
apparatus (using the amrnett^r and voltmettu* method) at a known 
frequency, employing preferably a source of sinusoidal E.M.F., 
and, if possible, an oh^ctrostatic voltmeter. 

Then, for the inductive circuit, if I is the curient, V the applied 
voltage, / the frequency, and M the resistance, the inductance is 
given by 

L = ^(V^-R^P)l27rfI henries, 
or, if RI is negligible in comparison with F, 

L = V jirrjl henries. 

For the capacitive circuit 

C == I l2iTfV farads. 

The mutual inductance of two circuits may be determined by 
measuring the induced E.M.F. in the secondary circuit when a 
known current, at a known frequency, is passing in the primary 
circuit. Then, if /?2 value of the induced I3.M.F., the 

primary current, and / the frequency, we have E,^ = 27TfMIi, 
whence 

M ^ 

It is to be observed that in all these measurements the accuracy 
of the results will be affectiid by any distortion of the wave-form 
from the sine wave, the greate.st errors occurring in the measurement 
of capacitance. Examples, showing the magnitude of these errors 
for a particular case, are given in Chapter XIV. 

415 
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The error due to non-sinusoidal wave-form may be calculated 
and allowed for when the equation to the E.M.F. wave is known. 
The method of doing so is explained in Chapter XIV. 

Again, if an electromagnetic voltmeter is employed instead of an 
electrostatic voltmeter, the instrument should be so connected that 
its operating current passes through the ammcitcir, and the reading 
of the ammeter should be corrected to allow for this current. 

Measurement of Power and Power Factor in Single-phase Circuits. 

We shall only consider the case in which the power to be measured 

is small and the measure- 



Fio. 260. Connections of Jnsthcments 
FOR Measuring a Small Amount op 
Power 


eludes the currents in the 
the voltmeter 


pressure 


ments are to be made by 
means of a v^attmeter, 
ammeter, and voltmeter. 
The connections should be 
made according to Fig. 260. 
The wattmeter reading then 
includes tin? losses in the 
pressure circuit of this in- 
strument and the voltmeter ; 
the ammeter reading in- 
circuit of the wattmeter and 


If P, /, denote the true power and current, respectively, in the 
load ; P', r, the readings of the wattmeter and ammeter, respec- 
tively ; V the voltage at the load ; R^ the resistan(?e of the volt- 
meter ; and R^, the resistance of the pressure circuit of the wattmeter 
then 


P .=:P'^V^IR,-V^IR^ 
and / = P-F/P^-F/P^ 

The power factor is given by 
cos 9? = P!VI 

[Note. The corrections for the inductance of the pressure 
circuits are assumed to be negligible.] 

Example. The following readings were taken on instruments connected 
as in Fig. 260 — 

Volts 100 ; Amperes 0-4 ; Watts 30. 

The resistance of the voltmeter was 1200 ohms, and that of the pressure 
circuit of the wattmeter 4,000 ohms. Calculate the power supplied to the 
load and also the power factor. 

Employing the expressions previously obtained, wo have 

P =« 30 - 100V1200 - 100*/4000 = 30 - 8-33 - 2-5 =» 1917 W. 

7= 0-4- 100/1200 - 100/4000 = 0-4 - 0-0833 - 0-025 
= 0-2917 A. 

cos 9 ? = 19-17/100 X 0-2917 = 0-667 
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Note that if the power factor ia calculated from the uncorreoted leadings of 
the instruments^ we obtain 

co3(p' * 30/100 X 0-4 =* 0-76 

Measurement of Power in Single*phase» High-voltage Circuit* Using 
a Wattmeter without Instrument Transformers. When the power in 
a high-voltage circuit is to be measured by a “ straight-through ” 
wattmeter, a series resistance, of suitable value, must be connected 
in series with the moving coil of the instrument. If the moving- 
coil circuit is designed for a normal voltage V and the resistance 




Fig. liOl. CoiuiECT (a) and Incorrect (6) Connections of 
Wattmeter on High-vortagk Circuit 

of this c.inuiit is Ti, the additional resistance, to be connected 
in this circuit when the instrument is U8(‘d on a circuit of voltage Vi 
is 7?(Fi/F ~ 1 ). The readings of the wattmeter must tluui 

bo multiplied by th(} quantity (1 + R^jli) to obtain the power in 
the main cinaiit, and, if necessary, correction factors must be 
applied (as explained in Chapter XVI) for the power expended in 
the instrument, and for the inductance (and distributed capacitance, 
if any) of this circuit. 

Precautions must be taken when (jonnccting the instruimint to 
the circuit to (1) support the instrument upon an insulating stand 
(or, if one side of the system is earthed, to connect the instrument 
to this side of the circuit) ; (2) make* a common connection between 
the fixed and moving coils as shown in Fig. 261a, to ensure that a 
high voltage cannot exist between these coils. 

It is of the utmost importance that the connections' shown in 
Fig. 2616 be not inadvertently made, as in this case the full line 
voltage would exist between the coils, thereby causing a breakdown 
of the insulation and a burning-out of the instrument. 

Measurement of Power in Single-phase Circuits without Using a 
Wattmetei. The wattmeter method of measuring power is described 
aS— (T.5245) 
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in Chapter V, and the correctiona which have to be applied to the 
wattmeter readings under certain circumstances are discussed in 
Chapter XVI. In cases where a wattmeter is not available, and the 
conditions are favourable, the power (and power-factor) may be 
measured by alternative methods, known as the “ three-voltmeter ” 
and “ three-ammeter methods. 

Three-voltmeter Method of Measuring Power and Power Factor. 
A non-inductive resistance is connected in series with the apparatus 
under test, and the voltages across the apparatus, non-inductive 
resistance, and supply are measunjd, preferably by electrostatic 
instruments. The diagram of connections is shown in Fig. 262, 




Fjq. 262 Fra. 263 

Circuit and Vector Diagrams for the “Three -voltmeter” 
Method of Measuring Power 

and the vector diagram for the circuit is given in Fig. 263. From 
the vector diagram we have 

F 2 + Fj^ + 2 F 1 F 2 cos q> 

where V is the lino voltage, the voltage across the non-inductive 
series resistance, and Fg the voltage across the apparatus under 
test. 

The power supplied to the apparatus is 

P = Fgl cos (p == (V^VifR) cos 9 ?, 
where R is the value of the non-inductive resistance. 

Himce, substituting in the preceding expression and rc-arranging, 
we obtain 

P = J(F 2 - Fi^l Fg2)/7e .... (193) 

Also cos (F2- Fi2- F 22 )/ 2 FiF 2 . . . (194) 

These expressions are valid when the wave-form of the supply 
voltage is sinusoidal, and (in cases of non-sinusoidal wave-form) 
when the wave-form of the current is identical with that of the 
impressed E.M.F. 

Note. Equation (194) may also be employed to calculate the 
phase difference between two E.M.Fs. which are acting in series. 
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Thus if Fj, V 2 are the R.M.S. values of the separate E.M.Fs., 
and F their resultant, or vector sum, then if (p is the phase difference 
between F^ and F 2 we have 

9 ?= cos -1 [(F 2 -Fi 2 -F 2 )/ 2 FiF 2 ]. 

Three-ammeter Method of Measuring Power and Power Factor. 
In this method a non-inductive resistance is connected in parallel 
with the apparatus under test, and the currents in this resistance, 
the apparatus, and the lino are measured. The diagram of con- 
nections is shown in Fig. 264, and the vector diagram for the 
circuit is given in Fig. 266. From the vector diagram we have 

^ /* = + 2/1/2 T 

where I is the line current, /j the current in the non-inductive 
resistance, and 1^ the current in the apparatus under test. 



Fig. 264 Fig. 265 

Circuit and Vector Diagram for the “Three -ammeter’* 
Method of Measuring Power 


'J'he power supplitjd to the apparatus is 

p = F/g cos (p = I ^R . I 2 cos (p, 

where R is the value of the non-inductive resistance. Hence 
substituting in the preceding expression and re-arranging, we 
obtain 

P - J/^(/2- /, 2 -/ 32 ) .... (195) 

Also cos (p:= (/2 - /i 2 - 1^^)I2IJ2 .... (196) 

The validity of each of these? expressions is governed by the 
same conditions as apply to the three-voltmeter method. 

Electrostatic Method of Measuring Power. In this method a 
quadrant electrometer is employed in conjunction with a standard 
non-inductive resistance and a potential divider. The^ method is 
particularly suitable for research and standardizing laboratories, 
and has been perfected by the National Physical Laboratory for 
measurements of high accuracy.* It is the standard method of 

* “ The use of the electrostatic method for the measurement of power.’ 
Journal of the Institution of Electrical Engineers, vol. 61, p. 294. 
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measuring power in the testing of watt-hour meters and the calibra- 
tion of wattmeters at this laboratory. The method also possesses 
advantages over other methods for the measurements of small 
amounts of power at high voltages and low power factors, such as 
losses in dielectrics. 

To measure power by the quadrant electrometer, a potential 
difference proportional to, and in phase with, the current in the 
circuit is applied to the quadrants, and the voltage of the circuit, 
or a definite fraction then^of, is applied between the needle and 
quadrants. The deflection is then proportional to the power 
expended between the point to which the needle is connected and 



(d) 


FlfJ. 266. CONNKCTTONS FOB MeASUBEMENT OF 1*0 WEB BY 
Quadbant Elkctbombteb 

the point which has a potential midway between the potentials of 
the quadrants, as proved latter. 

Thus if the connections are arrangt^d as shown in Fig. 266a — 
which refers to the ease where the load is connected directly to the 
supply sy sUun — the deflection, of the electrometer is proportional 
to the power expended in the load plus one-half of the power 
expended in the non-inductive series resistance, or shunt, to which 
the quadrants are connected. 

The correction for the power expended in one-half of the series 
resistance, J?, may be eliminatc^d either by connecting the needle 
to the mid-point of a non-inductive resistance (or a potential 
divider) connected across the supply systc^m as shown in Fig. 2666, 
or, if this is impracticable, by inserting a second non-inductive 
resistance, r, in the main circuit as shown in Fig. 266c, and making 
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the value of this resistance equal to \R{n - 2), where R is the value 
of the resistance across which the quadrants are connected and n 
is the ratio: (supply voltage /voltage between needle and line ” 
quadrants). 

If, however, the mid-point of the resistance R can be utilized, 
the wattmeter reading is directly proportional to power expended 
in the load. This is the case when a fictitious load is employed as 
shown in Fig. 266d, which refers to the test circuit for the calibration 
of a wattmeter or a watt-hour meter. The current coils of the 
meter are supplied through a transformer from an alternator, and 
the pressure coils are supplied from another alternator. The latter 
is direct^coupled to the first machine, and is so arranged that its 
frame may be given angular displacements with reference to this 
machine, in order to obtain any desirtid phase difference between 
the current and voltage supplied to the meter. 

In cases where no correction is necessary for tlu^ power expended 
in the series resistance, R, the power is given by 

P = knei2R (197) 

where 6 is the defhiotion, k the “ constant ” of the instrument 
(which is detonxiincd in the manner described lateu*), and n, R refer 
to the quantities mentioiu^d previously. 

Theory of Electrostatic Method of Measuring Power. Lot e denote the 
instantaneous value of the potential difference between the niiodhs and one 
pair of quadrants, and v the instantaneous value of the potcjntial dfference 
between the quadrants. Then, from the law of the quadrant oloetrometor, 
the deflection, 0 , is given by 

kO ^ {2ev -i- v^)dt. 

Now, with the connections arranged as in Fig. 20Ga, v = ilt, where i is the 
instantaneous value of the current in the circuit. Hence 

{2Hei 1- 

1 

But 7 - / ei dt represents the power (F) supplied to the circuit, and 
"R J 0 

1 Z'T’ 

~ / Ri^ dt represents the power {F^ ) expended in the series resistance, R. 
T Jo 

Therefore kQ ~ 2R{P 

whence P —kQI2R~\P^ 

With the connections arranged as in Fig. 266l!>, the potential difference 
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between the needle and tlie pair of quadreuiis connected to the load is 
[J(ej + v) - v]. Hence 

-f v)-v] + v^)dt = 

1 fT 

= R. ^ I eidt^ RP 

Whence kOiR 

With the connections arranged as in Fig. 266c, the potential difference 
between the needle and the ]iair of quadrants connected to the load is 
(e -j- ir 4- i2i ) jn - iR, where n is the ratio of the voltage across the tapped 



Fig. 267. Connections foh Calibiiating Quadbant Electro- 
meter FOR Power Measitrbments 


portion of the potential divider to the supply voltage,' i.e. n — voltace across 
points a c/voltage across points a b. Hence 


kO 


1 CT 

■ ~ J {2v[{e 4- ir 4* iR)ln 4- i/SI] 4- v^)dt 
2R I fT 1 rTiiJi 


The first integral represents the power {P) supplied to the load. The 
second integral becomes zero when 2r =- R{n-2), or when r = iR(n-2). 
Under these conditions, wo have 


P - nkd/2R 


When the instrument is used with a fictitious load, as in Fig. 266d, the 
potential difference between the needle and the pair of quadrants connected 
to the load is (c/n - Jv). Hence 


ke 


= [2u(e/n - iv) + v*]<lt 

2R I fT 2R „ 

— — •m/ eidt = — . P 
n TJo n 


whence P ™ nkdJ2R 


Method of Determining the ** Constant ’’ of the Electrometer. The method 
employed by the National Physical Laboratory requires the use of standard 
non-inductive resistances and an electrostatic voltmeter, the calibration of 
which is accm*ately known. The connections are shown in Fig. 267. 

The alternating supply voltage is adjusted to give the normal voltage 
(100 V.) between the needle and the neutral point of the quadrants (i.e. 
100 V. ^ tween points A and B, Fig. 267), and the potential difference between 
the quadrants is adjusted to any desired value by means of selector switches 
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connected to standard non-inductive resistances. The resistance in circuit 
between the points A and B is inaiutained constant at 200 ohms, and, since, 
a constant potential difference of 100 V. is maintained between these points 
the current in the circuit is 0-6 A. Hence when the 2-ohm coils, are 

short-circuited the potential difference between the quadrants can be varied 
from 0* 1 V. to 2 V. in 0* 1 V. stops. 

[Nott?. The positions of the selector switches must always be such that 
equal resistances are included between each quadrant and the neutral point A. ] 

This potential difference can be extended up to 4 V., in 0-1 V. steps by 
luiplugging the 2-olun coils, Cj, but when is inserted an equal resistance 
{C\) must bo cut out between the points A, B, m order to maintaui the total 
resistance between these points constant at 200 ohms. 




Connections of Wattmeter and Instrument Transformers for 
Measuring Power in Balanced and Unbalanced Loads 


If 0i is the deflection from the “ electrical zero,’* E the R.M.S. voltage 
between the j)oint.s A, B ; 1 the current in the circuit ; R the resistance 
eounocted across the quadrants ; and k tht) constant of the instrument 
corresponding to the deflection Oj, then, from the law of tlie electromotor, 

kd^ 2JR{E~UR) -f /W - 2EIR 
whence k - 2EIRI0i 

The “ electrical zero ” is obtained by e.onnecting both quadrants to tho 
point A (as shown in the diagram 6, Fig. 267), with normal voltage 
between tho points A^ B. 

Measurement of Power in Three-phase Circuits. The principles 
of tho methods of measuring power in three-nhase cifcuits have 
been discussed in Chapter IX, and diagrams of connections for 
low- voltage circuits are given on pp. 194, 195, 199. 

With high-voltage circuits it is customary to use instrument 
transformers with the wattmeters, and connection diagrams for 
balanced and unbalanced loads are given in Figs. 268, 269. 
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In cases where it is desired to use straight-through wattmeters 
the connections must be made in accordance with Fig. 270, and 
two separate wattmeters (not a polyphase wattmeter) must be 

employed, both of which must be 
supported upon insulating stands. 

The precautions already men- 
tioned in connection with the 
measurement of power in single- 
phase, high-voltage circuits apply 
with equal force in the present 
case. 

Alternating-current , Potentio- 
meter Methods of Measuring 

E.M.F. The potentiometer 
principle of comparing E.M.Fs. 
enables measurements of high 
accuracy to be performed, as the 
balance is obtained by a null method. In the direct-current poten- 
tiometer the balance is obtained between the magnitudes of the 
“ unknown ’’ E.M F. and the potential difference between certain 
points in the potentiometer wire, but in the alternating current 
potentiometer the balance must be obtained between the phases of 
these quantities as well as between their magnitudes. 

The theory of the alternating-current potentiometer is quite 
simple. Thus, if the “ unknown E.M.F. is represented by 

E = =-- ± Cj ± jeg, 

and the potential difference against which it is balanced is 
represented by 

F = Vl_f, -= ± u, ±jVt, 

then the condition of balance is 

Hence V = Ey and (p^ =«= q)g. 

Or, alternatively, ± ± jv^ = ± ± je^ 

which requires ± =■ d: 

and ±jv 2 -=±je,^ 

Hence, two adjustments, which must be carried out in succession, 
are necessary in obtaining the balance with an alternating-current 
potentiometer. 


1 3 2 





Fig. 270 . Connection.s of Watt- 
meters FOR Measuiiin(} Power in 
High-voltage Circuit 
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Two methods of effecting the double adjustment have been 
devised: In one method (due to Drysdale) a phase-shifting trans- 
former is employed ; in the other method (due to Gall) the in-phase 
and quadrature compoiK^nts of the two quantities are balanced 
separately. In the Larsen A.C. potentiometer a standard variable 
mutual inductance is employed instead of a phase -shifting 
transformer. 

Gall-Tinsley Co-ordinate Potentiometer. This instrumont (Fig. 271) consists 
of two potentiometers (wliicb are called the “ in-phase ” and “ quadrature ” 
potentiometers) fitted into a common case. The potentiometers are supplied 



Fkj. 271. Co-ordinate Potentiometer 
(/ i. Tinsley & Co.) 

with equal currents (50 iriA. ) having a mutual pliaso difference of 00 , the 
currents being obtained from a singlo-phase supply system through a step- 
down isolating transformer, the latter bomg for the double purpose of isolating 
tlie potentionicter circuits from the Buj)ply system and for obtaining a suitable 
voltage (0 V.) for these circuits. 

The correct value of the current in the “ in-phase ” potentiometer is 
indicated (to about 1 part in 10,000) by a sensitive reflecting electro-dynamic 
instrument which is connected in this circuit. The electro -dyi>aniic instru- 
ment is not permanently calibrated (as is the case with the instrumont used 
with the Drysdale potentiometer), but the current in the potentiometer wire 
is adjusted to its standard value (50 mA.) by means of direct current and a 
standard cell, in the same manner as if the potentiometer wore being used on 
a direct-current circuit. Tlie control (torsion head) of the electro-dynamic 
instrument is then so adjusted to bring the “ spot to a definite position on 
the scale, and this position therefore indicates the standard value of current 
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in the potentiometer wire when the supply current is either direct or 
alternating. 

The adjustment of the current in the “ quadrature ” potentiometer to its 
correct value and phase difference is effected by connecting in this circuit the 
primary winding of a standard mutual inductance and balancing the E.M.F. 
induced in the secondary winding against a definite potential difference of 
the “ in-phase ” potentiometer. If the mutual inductance is so constructed 
as to be free from eddy currents, the E.M.F. induced in its secondary will 
have a phase difference of 90® with respect to the current in the primary. 
Therofoi’e, wlien this E.M.F. is balanced against the potential difference of 
the “ in-phase ** potentiometer, the current in the “ quadrature *’ potentio- 
meter has a phase difference of 90® with respect to that in the in-phase 
potentiometer. 

By suitably choosing the value of the mutual inductance in relation to the 
frequency of the supply circuit, a simple relationship may be obtained between 
induced E.M.F. and freqtiency. For example, if the mutual inductance is 
0 03183 (= 0-l/7r)H., the E.M.F. (Ej) induced in the secondiiry winding 
when tlie standard current (50 mA. ) is passing in the primary winding is 
given by — 

Eg = 2TzfMIi = 2nf X (0-1 /tt) X 50 X lO * = //lOO. 

Thus Ej == 0*6 V. for 60 frequency. 

Therefore, if the supply frequency is 60, the potential slides of the “in- 
phase ’’ potentiometer are set to 0*5 V. and the magnitude and phase of the 
current m the “ quadrature “ potentiometer are adjusted in succession until 
no deflection is obtained on the vibration galvanometer, the (alternating) 
current in the “ in-phase ’’ potentiometer being maintained at the standard 
value. 

The “ unknown ’* E.M.F. to be determined is applied, via a vibration 
galvanometer, to both sets of potential slides (which are now connected in 
series with each other) and a balance is obtained by adjusting the potential 
slides, and, if necessary, changing the positions of the reversing switches, 
which are connected in series with them (see Fig. 272). The “in-phase” 
component of the E.M.F. is then given, in magnitude and sign, by the settings 
of the potential slides and reversing switch, respectively, of the “ in-phase ” 
potentiometer. Similarly, the “ quadrature ” component of the E.M.F. is 
given in magnitude and sign by the settings of the potential slides and 
reversing switch of the “ quadrature ” potentiometer. By means of shunts 
incorporated in the instrument, the “ constants ” of either sot of potential 
slides may be changed to one-tenth normal, thereby enabling small mag- 
nitudes of either of the E.M.F. components to be accurately determined. 

The magnitude of the “ unknown ” E.M.F. is, of course, given by 

\/[ (in-phase E.M.F. )* -f (quadrature E.M.F. )*J, 

and its phase difference with respect to the current in the in-phase potentio- 
meter wire (which is the quantity of reference for all E.M.F. measurements) 

is (p = tan'^(quadraturtf E.M.F. ) /(in-phase E.M.F. ). 

Potentiometer Method of Measuring Impedance. The impedance 
to be measured has a standard non-inductive resistance connected 
in series with it, and is supplied with current from the same source 
as the potentiometer. The potential differences at the terminals 
of the standard resistances and the impedance are then determined. 
Let these quantities, as determined by the Drj^^sdale potentiometer, 
be Vijq>i and V% j(p2i respectively, where Fj^ the settings of 
the potential slides and (p^ the settings of the phase-shifting 
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transformer. Then, if R, is the value of the standard resistance, 
the impedance of the apparatus under test is given by 

7 I, 

■ = -y- Kn-Ti) 

Whence Z = /Z.Fj/K,. 

Observe that, although the phase angles q)i, are not involved 
in the determination of the numerical value of the impedance, a 

Four sets oF 
Potential Terminals 


R, 


I I Supply 

Fia. 272. Connections of Co-okdinate Potentiometer 
(Noth. — The lower portion of the diagram (inside the dotted rectangle) refers to the 
isolating transformers A, B, and the pliase-splltting transformer, CJ 

knowledge of these angles enables the resistance and reactance to 
be calculated. 

If the measurements are made on the Gall co-ordinate potentio- 
meter and are denoted by =b ± =t dz where 

± ± represent the settings of the potential slides of the 

“ in-phase ” potentiometer, and ± ® 2 » i ^' 2 * settings of the 
“ quadrature ’’ potentiometer when determining the voltages across 
the standard resistance and impedance, respectively, then 

Z = RsV[ie\^ + cV)/(ei" + «2*)] 
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Method of Testing Watt-hour and Power-factor Meters at Varying 
Power Factors. Two methods are available for polyphase meters 
and three methods for single-phase meters, two of the latter being 
similar to the methods employed with three-phase meters. The 
methods eommon to single-phase and polyphase meters are — 

1 . Supplying the current and potential coils of the meters from 
separate alternators, which are mechanically coupled tog(5thcr and 
have the same number of poles. The stator of one alUirnator is 



FlO. 273 . CONNKOTIONS FOR TESTING PoLYPHASE WaTT-HOUR 
Meters on Fictitious Load 


so constructed that its magnetic axis can be displaced relatively 
to that of the other alternator, and by these im^ans any desired 
phase difference may be obtained between the E.M.Fs. of the 
alternators. Thus, conditions equivalent to any desired power 
factor may be obtained in the meter circuits. The connections 
in the case of a single -phase meter have already been given in 
Fig. 266ri. 

2. Supplying the potential coils from the secondary winding of a 
phase-shifting transformer, the primary of which is excited from 
the system supplying the current coils. 

A diagram of connections for this method is given in Fig. 273, 
from which it will be observed that the current coils of the meters 
are supplied through step-down transformers (and, if necessary, 
current transformers), and the potential circuits are supplied, 
through auto*transformers, from the secondary windings of the 
phase-shifting transformer. Regulation of current in the “ current ” 
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circuit of the meters is eff(‘cted by means of a regulating choking 
coil connected in the primary circuit of the step-down transformer, 
and regulation of voltage for the potential circuits is effected by 
means of tappings on the auto-transformers. 

The equivalent power in the meter circuits is determined by 
means of a standard electro-dynamic wattmeter, and the equivalent 
power factor is obtained either from the dial of the phase-shifting 
transformer or the volt-amperes in the meter circuits. 

The equalizing connections between the current and potential 
circuits are for the purpose of ensuring that the fixed and moving 
coils of the wattmeter arc at the same potential. 

[NoTE.i Tn both the above cases the meters are tested on a 
fictitious load, and the tests are effected with the expenditure of 
only a small amount of energy, viz. that necessary to supply the 
losses in the instruments and apparatus.] 

Another method — which is applicable only to single-phase meters, 
and does not require the special apparatus which is necessary with 
the preceding methods — is based upon the phase relationship 
between the currents and voltages in a three-phase system. The 
connections are shown in Fig. 274a, and Fig. 2746, and vector 
diagrams are shown in Fig. 274c. The load should be non-inductive 
and may consist of banks of incandescent lamps. 

The current coil of the meter under test, 71/, and that of the 
standard w^attmeter, IF, are connected in series with the line wire, 
No 3, which is common to the two loads. When a power factor 
betw'ccn unity and 0-5 is required, the potential circuits of the 
instruments arc connected between this line (No. 3) and one of the 
other lines (Fig. 274a), according to whether a lagging or leading 
power factor is required. But when a power factor between 0*5 
and zero is required, the potential circuits are connected across 
lines 1 and 2, as shown in Fig. 2746. 

The vector diagram for these conditions is shown in Figs. 274c. 
The (iurreiit, /, is the current coils of the instruments in the vector 
sum of the currents in the loads. The latter are represented by 
the vectors 01 O/p — which are in phase with the line voltage 
vectors OF5.3, OF2-3, respectively — and the current in the instru- 
ment is represented by 01. Hence, if the loads are equal, 01 bisects 
the angle between the vectors OF^.j, OFa-a, and is perpehdicular to 
both OF1.2 and OV^-x- These conditions represent power factors 
(in the meter circuit) of 0-866 (lagging), 0-866 (leading), zero 
(lagging), zero (leading). 

With unequal loads, the vector 01 will occupy a position inter- 
mediate between the vectors f^Fj.a, OFa.a. 
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In the extreme case, when one load (B) is zero, 01 is in phase 
with OFi. 8, and leads 60® with respect to OFg-..,. Hence these 
conditions represent power factors of unity and 0-5 (leading), 
according to whether the potential circuits are connected across 
lines 3 and 1, or across lines 3 and 2. In the other extreme case, 
when the load A is zero, the conditions are equivalent to power 



Fio. 274. Connections fob Testing Stnole-pha.se Watt-hour 
Meters at Various Power Factors 


factors of unity and 0-5 (lagging), according to whether the potential 
circuits are connected across lines 3 and 2, or 3 and 1 . 

In all these cases it is assumed that the symmetry of the three- 
phase system is unaffected by the unbalanced loading. 

If the direction of the phase rotation of the three-phase system is 
unknown, the phase of the current (i.e. whether lagging or leading) 
may be ascertained by a simple test, which consists of connecting 
an inductance temporarily in the pressure-coil circuit of the standard 
wattmeter, and noting the readings, with and without the induc- 
tance, for the same load conditions. If the reading with the 
inductance in circuit is larger than that without the inductance, 
the current is lagging ; if the reading is smaller, the current is 
leading. 
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Detennination of the Phase Sequence or Direction of Phase Rota- 
tion in a Three-phase System. A number of methods are available, 
some of which utilize the principles discussed in Chapter XX in 
connection with unbalanced star-connected circuits, while others — 
such as those employed in phase-rotation relays, and similar switch- 
board instruments — utilize the principle of the induction wattmeter. 



Fig. 275. Circuit and Vector Diagrams fob the Lamp -resistance 
Method of Determining Direction of Phase Kotation 


A simple phase-rotation indicator, in which an unbalanced star- 
connected circuit is employed, requires only two similar incan- 
dc^scent lamps (which form a visual indicator) and either an 
inductance (preferably iron-cored) or a condenser. These are 
connected in star as shown in Figs. 275a, 2756. When either of 
these circuits is connected to a three-phase system, the lamps will 
have unequal voltages impressed upon them, and this feature is 
utilized to determine the direction of the phase rotation, as with 
the inductive circuit (Fig. 275a), the phase, or line wire, connected 
to the bright lamp is lagging with resjiect to that connected to the 
dim lamp, and with the capacitive circuit (Fig. 275b) the phase 
connected to the bright lamp is leading with respect to that connected 
to the dim lamp. 

The vector diagrams are shown in Figs. 275c, 275d.* The 
line voltages are rei^resented by the vector triangle ABC^ the line 
currents (which are obtained from the phase currents of the 
* See p. 456 for the method of drawing these diagrams. 
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equivalent delta-connected circuit) are represented by the vectors 
o/i, 0 / 2 , 0 / 3 . 

Since the voltages across the lamps are in phase with the currents 
01 01 2 t the potential of the neutral point 0^ is determined by 
drawing from the corners A and B of the triangle ABC, parallels 
AOi, BOi, to the vectors BI^, CI^, respectively, to meet at the 
point 0 ^. 

[Note. The vectors Bl-^, BI^ represent the currents in the 
lamps A and B respectively.] 

Then AO-^ represents the voltage across lamp A, BO^ the voltage 
across lamp B, and C'Oi the voltage across the remaining branch 
(inductance or condenser) of the circuit. 

Observe that with the inductive circuit (Figs. 275a, 275c), BOy 
is grcatc^r than AOi ; but that, with tlio capacitive circuit (Figs. 
2756, 276d), AOi is greater than BOi. Hence, since the vector 
diagrams have been drawn for counter-clockwise phase sequence, 
the bright lamp is connected in the ''lagging phase” when an induct- 
ance is employed (Fig. 276a), and in the "leading phase” when a 
condenser is employed (Fig. 215b) ; the terms “lagging phase” and 
“leading phase” referring to the phases in which the lamps are 
connected. 

In a practical form of this indicator for 200/230 V., 50-cycle 
circuits, ordinary 26 W. or 40 W., 230 V., lamps are employed, and 
the condenser has a capacitance of from 1 to 2 /^F. The voltage 
impressed upon one lamp is about 80 per cent of the line voltage, 
and that impressed ujion the other lamp is about 25 per cent of the 
supply voltage. 

Example. Two equal non-inductive resistancoa Jind a condenser are 
connected in star, as in Fig. 275, and the combination is counocited to a tlireo- 
phase supply system. The capacitance of the condenser is so clioson that the 
reactanoo of the condenser branch is equal to the resistance of one of tlio 
non -inductance branches. Determine the voltages across tho lamps and 
condenser. 

Let R denote the resistance in oatdi of tho non-iudu(;tivo branches. Then 
-jR denotes the reactance of tho condenser branch. 

Tho lino currents may be determined either by the indirect method, which 
involves the conversion of the star-connected circuit into tho equivalent 
delttt-cormected circuit, or by tho direct application of Kirclihoff’s laws to tlie 
star-connected circuit. As the former method introduces some features of 
interest for the circuit under consideration, it will be adopted in present 
case. 

Thus, denoting the equivalent impedances between the line wires 1-2, 2-3 
3-1 (Fig. 2756), as Z^, Z^, taken in order, we have, from p. 450 

7? + /? 4- A* . RIk-jR) - A (2 +yi ) 

Z^ ^ R -jR - R . jRIR - R{1 -j2] 

Z^ = - jR + R -jR . R/R ^ R{J -j2) 
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Hence, for counter-clockwise phase lotation, the currents in the equivalent 
delta -connected circuit are 


/a 


V {1 ^j O) _ V 
R{2^jl) It 


{0 4 -jO‘2) 


h 


V {-0 S~^j0 8G6) 
R {l-j2) 


^{0 246-j0 373) 


F (_ 0 5 + jo ses) 

R (l-j2) 


^ (- 0 446 - j0‘027) 


The currents in the star-connected circuit are then /j = = /„ - /p, 
li = I h~ fa; /» ” /o “ / b* voltages across the branches of this 

circuit are Fi„o Fa o = ^/a* Fa-o =" “^^/a- 

Whence F^ o = V {0 846 - j0173) 

Fj.q = V v'(0-84G* + 0-1732) = 0-866 V. 

F, o = y {-0 lS4-j0 173) 

Fjj-o = V ^(0*1642 + 0-1732) 0-232 F. 

= F {0 346 -4- j0 692) 

Fa 0 -- V(0*3462 ^ 0-692") = 0-776 F. 

Wattmeter Method of Determining the Direction of Phase Rotation 
m a Three-phase System. When the power in the system is being 
measured by the two-wattrneter metliod (using separate watt- 
meters) the phase rotation may be determined at the same time by 
taking two extra readings with a reactance (e.g. either a condenser 
or an inductance) inserted at the junction of tiio two prcssun^-coil 
circuits, as shown in Fig. 276. The star-connected circuit thus 
formed is similar to the circuit in Fig. 276, and, therefore, the 
changes in the magnitudc;s and phases of the voltages impressed 
upon th(! pressure coil circuits of the wattmeters, due to the insertion 
of the reactance, will depend upon the direction of the phase 
rotation of the three-phase systi?m. 

Vector diagrams representing the conditions when a condenser 
is connected in the pressure-coil circuits arii showm in Fig. 
276. A study of these diagrams wdll show that if A, B, de- 
note the readings of the w^attmeters when the connections are 
normal (^4 being the larger reading*), and A\ B\ denote the 
readings when the condenser is conneettid in the pressure-coil 
circuits, then if 

- A, < 5 ; or if A' < A, B^ > B, 


* I'ho special case when the two readings are equal is considered in the 
example which follows. 

29-(T.5245) 
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wattmeter B is connected in the “ lagging phase when the power 
factor is “ lagging ” and is in the “ leading ” phase when the 
factor is “ leading.” 

To ascertain whether the power factor — or, more correctly, the 



current in the main circuit~is lagging or leading, the following 
simple test is applied* — 

Open the common connection between current and ])rc8Suro coils 
of the wattmeter which gives the larger reading when the connections 

* This tost, doponils upon tho phase relationship botwoon the lino voltages 
and currents of a symmetrical three-phase system. Thus, with nornml 
connections the ])hase difference l)etween the currents in the coils of the 
wattmeter giving the larger reading is (30® — (p), and when the common end 
of the pressure coil is transferred to tho other lino the phase difference becomes 
(90® - <p) when tho power factor is lagging and (90® + <p) when the power 
factor 18 leading. 
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are normal. Connect this end of the pressure coil to the line wire 
in whicli the second wattmeter is connected. If the new reading 
is positive, the current is lagging ; if negative, the current is 
leading. 


Experimental Verification. The following readingH wore obtained on two 
wattmeters connected, in accordance with the diagram in Fig. 276, to a three- 
phase circuit, the power factor of which could be varied as desired. Tiie 
power factor was indicated by a power factor meter, and the direction of 
phase rotation was dt^tcrinmed by an independent test — 


Reading of Wattmeter 
ronnectod%i Line No. 1 

Reading of Wattmeter 
Connected in Lino No. 2. 

Power 

Factor. 

Phase 

Rotation. 

20 

47 

lagging 

2^1-3 

2* 

35* 

laggmg 

2-1-3 

48 

21 

leading 

2-1-3 

17* 

44* 

leading 

2-1-3 

24 

48 

leading 

1-2-3 

46* 

17* 

leading 

1-2-3 

49 

20 

lagging 

1-2-3 

,37* 

3* 

lagging 

1-2-3 


* These readings were taken with a condenser inserted In the potc'otlal circuit of 
wattmeters. 


Example. Two similar wattmeters are connected in the usual manner 
for measuring the power in a tliree-phaso circuit and provision is made for 
inserting a condenser in the x>res8ure*coil circuits in the manner shown in 
Fig. 276. The reactance of the condenser is equal to the resistance of one 
of the pressure-coil circuits of the wattmeters.* Determine, for power factors 
of 1-0, ()*707, 0-6, 0-2, and both directions of phase rotation, the relationship 
between the readings of tlic wattmeters (i) wdien the connections are normal ; 
(ii) when the condenser is connected in the pressure -c;oil circuits. 'J’ho lino 
voltage, current, and frequency are constant. 

The voltages impressed upon the potential coils of tlio wattmeters when the 
condenser is in circuit are calculated as in the aV)ovo example, and are given by 

= V {0-846- j0173), = V {- 0154 -r0173), for counter- 

clockwise phase rotation, and by 

F'l-o y {0-^S4 + jO-173). F '2 « = y{- 0-846 + r0173) for 

clockwise phase rotation, the voltage between lines 1 and 2 being the 
quantity of reference. 

For counter-clockwise phase rotation and with the condenser in the pressure- 
coil circuits the reading ( IT',) on the wattmeter connected in lino 1 is equal to 
^ 1 ^ 1-0 (18-4® + <p), and that {W\) of the wattmeter connected in line 2 is 

^ 2 ^ 2-0 (18-4® + (p), the plus sign being taken for lagging power factors. 

Similarly, for counter-clockwise phase rotation, the readings are : W^^-- 
cos (18-4® -f ip), C08 (18-4° + <P)- 

* If i? l8 the resistance of tlie pressure-coil circuit, tho^pacitance required is given 
by C - 10* /COB fXV. If the frequency Is 60 and R - 3,180 O., C - 1 
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The results are best expressed in tabular form — 


Power 

Phase 

Wi (without 

W\ (witli 

IVg (without 

W'l (with 

Factor. 

Rotation. 

Coiidenacr). 

Condenser). 

Condenser). 

Condenser). 


1-0 


1-0 


0-707 (lAK) 
0-707 (lead) 

0-707 (lai?) 
0-707 (load) 

0-5 

(lAK) 

0-5 

(lead) 

0-5 

(IftK) 

0-5 

(lead) 

0-2 

(lag) 

0-2 

(lead) 

0-2 

(lag) 

0-2 

(lead) 


CC 

0-860 F/i 

0-712 

TVj 

0-866 

F/j 

0-22 

F/» 

C 

0-806 F/, 

0-22 

Vh 

0-866 

vi; 

0-712 

F/^ 

rc 

O-OOG F/, 

0-398 

Vl\ 

0-259 

vil 

0-104 

VI^ 

CC 

0-259 F/, 

0-774 

Vh 

0-906 


0-207 

vr^ 

a 

0-259 F/, 

0 J04 


0-966 

vil 

0-398 

VI^ 

c 

0-966 VI, 

0-207 

Vh 

0-259 

vil 

0-774 

Vli 

CC 

0-866 VI, 

0 174 


0 


0-0466 VIu 

CC 


0-65 

Tv: 

0-866 


0-174 

F7a 

c 

0 

0-0466 TV, 

0-866 


0-174 

F/* 

c 

0-866 TV. 

0-174 

Eh 

0 


0-65 

IV* 

CC 

0-661 TV, 

-0-102 

TV} 

-0-315 

F/a 

- 0-0274 TV* 

CC 

7 0-315 F/, 

0-433 

Tv: 

0-664 

vi; 

0-110 

F/a 

c 

- 0-315 TV. 

- 0-0274 Vi: 

0-664 

vi; 

0*102 

Vli 

c 

0-664 F/J 

0-116 

F/; 1 

-0-315 

vil 

0-433 

VI, 


Watt-hour Meter Method of Determining Direction of Phase 
Rotation in a Three-phase System. For this method, an induction- 
type polyphase watt-hour meku* with the terminals marked accord- 
ing to th(‘ B.S.I. spc^cifkuation is required. The tests applied 



Fig. 277. Cmccrr and Vector Diagrams for the Comparison 
OF Phase Rotation by Lamps 


depend upon the power factor of the load connected to the meter, 
and are as follows — 

1. When the load is non-inductive. Disconnect the “red'’ 
element of the meter from the circuit and connect a non-inductive 
resistance* in series with tliii iiotential or shunt circuit of the 
“ blue element. Take a reading. Next disconnect the “ blue 
element from the circuit and connect the non-inductive resistance 
in series with the shunt circuit of the “ red ” (dement and take a 
reading with the same load as befon^. Then the element which 
gives the higher reading is conn(?ctod in the “ leading ’’ phase of the 
supply system. 

* The value of the resiatanco should be of the order of 600 ohms per 100 
volts of the norma) operating voltage. 
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2. When the current is lagging. The test is similar to that for 
case (1 ), but the non-inductive resistance is not required. 
Comparison of Phase Rotation of Two Three-phase Systems. A 

simple method of comparing the phase rotation of two three-phase 
systems — e.g. two alternators whicli are to be operated in parallel — 
is to connect three similar lamps to the systems according to the 
scheme shown in Fig. 277a. Then, assuming the frequencies to be 
equal, if the systems have the same phase rotation, the lamps A 
and B — which are cross-connected in relation to the supply systems 
— mil glow brightly, and lamp C will bo either very dim or completely 
dark. On the other hand, if the phase rotations are not in the 
same di^’oction, all the lamps will either glow with equal brightness 
or be completely dark. 

Vector diagrams for these cases are shown in Figs. 2776, 277c, 
respcjctively. The vectors OEi, OE^i OE^, represent the equivalent 
phase voltages of one system and 0E\, 0E\, ()E\, represent the 
equivalent phase voltages of the other system. Then, if the two 
systems have the same phase rotation and equal phase voltages 
(E)y and 0 is the phase difference between the systems, the voltages, 
^ irnpressed upon the lamps are 

2E sin \Qy = 2E sin i(120^ ±0), 

V, =2i^^8in*(120°--F 0). 

In the special case, when 6 = 0, 

- 0, Fb = 2E sin 60° = F, F, = 2E sin 60° = F, 
where F(= \/3 . E) is the line voltage of each system. 

If the pha.s(i rotations are not the same, tlu^n 

F^ = 2E sin \dy Fb = 2E sin ^6, F, = 2E sin \0 

If tfie phase rotations are the same, but the frequencies differ 
slightly, then 0 varies with rcispect to time and passes through a 
cycle of 360° during the time that one system is gaining or losing 
a cycle with respect to the other system. Hence, during the 
interval, the lamps Ay By C will each compk'te in succession the 
cycle dark -bright-dark-bright-dark. 

The order in which the lamps B and C light up depends upon 
whicih system has the higher frequency. This feature may be 
utilized in connection with the synchronizing of small' alternators, 
and was formerly applied by Siemens to synchroscopes. 

Determination of Ratio and Phase Angle of Instrument Trans- 
formers. These quantities may be determined directly by means of 
the Gall co-ordinate potentiometer (Fig. 271). In the case of a cur- 
rent transformer, the secondary winding is connected to the normal 
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instrument load, in which is included a standard non-inductive 
low resistance. A similar resistance is connected in the primary 
circuit. The potential differences across these resistances due to 
the primary and secondary currents are measured by the potentio- 
meter, and from these measurements and a knowledge of the 
values of the standard resistances both the ratio and phase angle 
can be calculated. 

In the case of a potential transformer, the secondary winding is 
conneettid to an instrument load and also to a potential divider 

from which a suitable voltage is 
obtaine^d for the potentiometer. A 
similar potential divider is crnnected 
across the primary winding. The 
voltages are measured by the potentio- 
meter, and the ratio and phase angle 
may be calculattul from these measure- 
ments and a knowledge of the ratios 
of the pottmtial dividers. 

When a co-ordinate potentiometer 
is not available, the methods now to 

Fta . 278. Method or Deter- described may be adopted, the 

MINING Ratio and Phasb principles of which arc based upon the 
Angle of Cuiuibnt potentiometer method of comprising 

TrANSFOIIMER Ti/r a 3 j • i i 

ili,M.J58. A standard variable mutual 
inductance, standard non-inductive resistances, and a vibration 
galvanometer are required for the tests. 

Ratio and Phase Angle of Current Transformer. The connections 
are shown in Fig. 278, in which R^y R,^ represent standard non- 
inductive low resistances, M a standard variable mutual inductanee, 
and VO a vibration galvanometer. R 2 and M are adjusted succes- 
sively until there is no deflection of the galvanometer. Then, if 
the standard resistances are entirely non-inductive, the ratio is 
given by 

^ = . . . . (198) 

and the phase angle (i is given by 

0 (oM IR 2 (199) 

Proofs. In the proofs wo shall consider tliat the standard resistances 
Tifp have slight inductances Xj, X, respectively. Then, when the current 
in the vibration galvanometer is zero, we have 

/i [(^* + -1- 

'•®- Tt ' Ri+}o>L^ 7?,*-ha,*V + 
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Whence ^ 

I, V L -Ri* + J 

^ £j /r 1 + ■ 

■RiVL V-i-io%UJi? 

which, when L, = 0, i, = 0, reduces to 

T, “ s' + a,W«//V) 

Similarly, the phase angle, /?, is given by 

- fan-l - M ) 


fi = tan' 


wliich, when ■ 


RJi^ 4 - w^L^{L^--M)' 
0, i /2 — 0, reduces to 


P = tan'^ coil/ 


. (l»8a) 


. (199a) 


Ratio and Phase Angle of Potential Transformer. Tho connections 
are shown in Pig. 279 (a). A non-inductive high resistance R^ 



Fig. 279. Method of Determining Ratio and Phase Angle or 
Poi’ENTiAL Transformer 


(fl) CoTincctlon diai?rain; (b), (c), Vrrior and circuit diagratna for lagging phaae- 
aiiglc; (d), (e), Vector and circuit diagrania for leading |ihase-ungle. 

(Note. In the vector diagrama the angle /8 is shown much exaggerated. In praetlce, 
this angle may be only a small fraction of 1“.) 


together with two smaller non-inductive resistances, are con- 
nected across the primary winding and the supply. A condenser, 
( 7 , of variable capacitance, and a two-way switch, S, are connecjted 
to the resistances ^ manner that the condenser may 

1x5 shunted across either JKg or The secondary winding, to which 
the instrument load is connected, is reversed and connected through 
a vibration galvanometer across the resistance Tifg. Zero deflection 
on the galvanometer is obtained by successive adjusti^ient of Jij 
and C, after a preliminary trial has been made to ascertain whether 
switch jS should be in position 1 or 2. Then the ratio is given to a 
close approximation by 

y 1 -^1 -h + ^9 

T\"" B, 


( 200 ) 
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The phase angle, p, is given by 

P = tMi-hoCR^(R^ H- R2)I{R^ + i?2 + i?3) . . (201) 

when Jagging (i.e. when the reversed secondary voltage lags with 
reference to the supply voltage), and by 

p tMi-^o}CR^^I[R^ + (^1 + i?3) (I + mCR^Y\ . (201a) 

when leading. 

Proofs. The resistances i?i, are assumed to bo without reactance 

and the condenser without losses. Then for the case when the reversed 
secondary voltage lags the supply voltage (diagrams (6), (c). Fig. 279), we 
have from the circuit and yoctor diagrams 

Fi = F. + /(«, + R ^) : Y, - A«a- ’ 

Hence, II = ^ 4 R,) (1 fjh) 

Fa fiRt Rn 

= {H, + + R:MR„ +J<oC(R, f «,). 

Wlionce to a close approximation, 

V,iv, = (B, + B, + 

The phase angle is given accurately by 

p = tan-icoC(i?, + RMi^i + + i?3)/^3] 

= tan“'mC/i3(JKj^ -} R2)j{Ri -f- 7?2 “t" -^s)* 

For the case when the reversed secondary voltage loads the supply voltage 
(diagrams (d), (c), Fig. 279), wo have from the c;ircuit diagram 

=. 4- H /i?i ; Fz - /1?3. 

The ratio (F^/Fj) is best determined trigonometrically. Thus from the 
vector diagram, 

F, - V{[i(A\ + /?3) + -i- (^l?8sin 

V{[^1 + f /?2(/i/iFP + {R,IJ,IPY}IK, 

Now, 

/i/7 - 1/(1 + foC/?2); LhlP - a>C/?2/(l coC;/?*)^ 

and since C 0 CR 2 may be ignored in comparison with unity, we have to a close 
approximation 

F1/F2 = (/^i 4- R 2 + ^s)/i?3. 

The phase angle is given accurately by 

P = tan~i{/iA’2 sin 0a/r^i(^i + R 9 ) + J 
= tAi\-^ojCRYI[^i + (^1 H- ^3) (1 f ^ f 



CHAPTER XIX 

CALCULATION OF THREE-PHASE CIRCUITS 

In this chapter, some of the simpler methods of calculating the 
currents and voltages in three-phase circuits with balanced and 
unbalanced loads will be discussed. Consideration will be given, 
first, to circuits in which the loads are supplied at constant voltage, 
and then to circuits in which the voltage at the load is affected by 
the voltage drop in the generator and line wires. In all cases it is 
to be understood that the currents and E.M.Fs. vary sinusoidally 
with respect to time, so that vector diagrams and complex algebra 
are applicable to the solutions. 

The simpler examples are calculated by graphic, trigonometric, 
and complex algebraic^ methods, so as to bring out the salient 
features of each. But with the more complicated cases of unbal- 
anced star-connectcd tlirtie-wire circuits, only complex algebraic 
methods of solution arc given. In such cases, and also in the 
calculation of unbalanced delta-connected loads, the phase sequence 
of the generator has to be taken into account. It will, therefore, 
be appropriate now to consider this quantity and the mamier in 
which the symbolic expressions of E.M.Fs. are affected by the 
phase sequence. 

Phase Sequence. A knowledge of the phase sequence, or phase 
rotation, of a polyphase system is necessary before a vector dia- 
gram can be drawn or the symbolic equations written down. The 
vector diagrams previously given have aU been drawn for counter- 
clockwise phase sequciKJC, which is the standard direction, and the 
diagrams of the simple two-phase and three-phase alternators, 
shown on p. 175, have been drawn to give this sequence. A refer- 
ence to Fig. 100 (p. 175) will show that the E.M.Fs. of the three- 
phase alternator reach their positive maximum values in the order 
Ely Eijy Em. Thus in the vector diagram (a), Fig. 100, if the vector 
OEi is the vector of reference, the vector OE^ lags 120 degrees and 
the vector OEm higs 240 degrees. 

Observe that if the direction of rotation of the armature is re- 
versed, the E.M.Fs. will now reach their positive maximum values 
in the order I, III, II. Hence the vector diagram will now have to 
be drawn with OEn lagging 240 degrees and OEm lagging 120 
degrees ; or, alternatively, OEn leading 1 20 degrees and OEm 
leading 240 degrees. 
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Standard Phase Sequenoe and Generator Terminal Markings. The 

standard phase sequence is counter-clockwise, as explained above. 
Hence, if the terminals of the generator are marked A, C7, it is 
understood that — (1) the E.M.F. between terminal B and the 
neutral point lags 120 degrees with respect to the E.M.F. between 
terminal A and the neutral point; and (2) the E.M.F, between 
terminal C and the neutral point leads 120 degrees with respect to 
the E.M.F. between terminal A and the neutral point. 

When a colour scheme of terminal or cable markings is employed, 
the standard colours are red, blue, and white (or yellow). The 
colour white (or yeUoiy) is assigned to terminal A and all cables 
connected to it ; blue is assigned to terminal B and all cables con- 
nected to it ; red is assigned to terminal C and all cables connected to 
it. Hence, with this scheme the “ blue ” phase lags 120 degrees, and 
the “red” phase leads 120 degrees, with respect to the “white” phase. 

Symbolic Representation of Phase and Line E.M.Fs. in a Three- 
phase» Star-connected System. With a symmetrical system the 
phase E.M.Fs. may be represented by either of the symbolic expres- 
sions (202), (202a), according to the phase sequence. 

Phase E,M,F8, for Counter-clockwise Phase Sequence — 

= E(1 i-jO) 

E,i = E(Qosi - 120^^ + j sin - 120°) == J^( - 0 5-j0 866) (202) 

Eui -= E(cos - 240^^ f- j sin - 240°) = E(- 0 5+j0-866) 

Phase E.M.Fs, for Clockwise Phase Sequence — 

E, =^E(l+j0) 

= A’(cos 120° H jsin 120°) = E(-0'5 + ^0 866) ■ (202a) 
^,11 = /^/(cos 240° + j sin 240°) --- E{-0 5-j0 866) 

Hence the line E.M.Fs. are given by the expressions, 

Counter-clockwise Phase Sequence — 

Fi.2 == E, ^E^ ^ E(1 + 0 5 ^ j0 866 - E(l-5 + j0 866) 

V 2 3 = = E{- 0 9 - j0 866+ 0 5 - j0 866) -j^/3E 

Vz 1 = = E(r 0 5 + jO 866 - 1 ~j0) 

^ e\- 1-5 + jO-866) 

Clockwise Phase Sequence — 

Fi -2 = W + 0 5-j0 866) - E(V5^jO-866) 

F2 3 = “ Nm = - 0 5 + j0 866 4 - 0-5 + jO.866) 

= jV3N 

F3.J = - El = E(- 0’5 - jO'866 - 1 -jO) 

= E(-V5-j0-866) 
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These expressions and the vector diagrams of Fig. 280 show that 
the phase sequence of a polyphase system affects the relative posi- 
tions of the E.M.F. and current vectors of the system, but has no 
effect upon the magnitudes of the E.M.Fs. or currents when the 
system is symmetrical and balanced. The phase sequence, how- 
ever, may have a considerable effect upon these currents when the 
system is unbalanced, as is shown in the examples which follow. 

Calculation of Line and Load Currents for Star- 
AND Delta-connected Loads 

Calculation of Load and Line Currents for Delta-connected Balanced 
Load. This represents the simplest case of a three-phase circuit, and 



Fig. 280 . Vkgtou Diagrams of Thrke- phase Systems 
(a) Coiiiit/tir-cl(K;kwise (standard) i>haH« sfquoiUT ; (t) Clorkwisp phase seqneiiee. 


the solution follows readily from the vector diagram of Fig. 117 
(p. 187). Thus the phase current is calculated first, and the line 
current is obtained from the relationship 

Une current — \/3 X phase current. 

For example, if V is the line voltage and Z is the imiiedance of 
each phase of the load, then the phase current is 7^;^ = F/Z, and 
the line current is / = ^ 

Calculation of Load Currents for Star-connected Balanced Load. 
The solution is simple in this case, because, as the load is balanced, 
the phase voltages are symmetrical. The appropriate vector dia- 
gram is shown in Fig. 113 (p. 186), from which 

phase voltage = line voltage/ \/3. 
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Hence, if F is the line voltage and Z is the impedance of each 
phase of the load, the load (and line) current (/) is given by / = 
F/(a/3Z). 

Calculation of Load and Line Currents for Star-connected Unbal- 
anced Load Supplied from a Symmetrical Four-wire System (Voltage 
Drops in Lines and Neutral Ignored). The assumption that no volt- 
age drops occur in any of the lines or the neutral enables a simple 
solution to be obtained, as the phase voltages at the load are sym 
metrical and are equal to 

line voltage/ \/3. 

Hence, if F is the Utie voltage and Zj, Zg, Z 3 are the jmpedances 
of the several branches or phases of the load, the load currents are 

h = F/V3Zi; h - VIV^Z,; I, F/V 3 Z 3 . 

The currents in the line wires are equal to the resjjective load cur- 
rents, and the current in the neutral is equal to the vector sum of 
the load currents. 

The current in the neutral may, therefore, be determined either 
graphically — by drawing to scale a vector diagram — or, analyt- 
ically, using either the symbolic method or the component method. 
In the component method the load currents are resolved into com- 
ponents along two axes perpendicular to one another, and the re- 
sultant is calculated. This method usually involves simpler work- 
ing than the symbolic method, especially if a suitable choice of 
axes is made. The worked example given below illustrates how the 
methods are applied to the solution of a particular problem. 

Example. An unbalanced star-connected load — the branches of which 
have the following impedances — = 2-5/10°, Z 2 5 0/ 15°, Z^ = 3-5/5° 
ohms — is supplied from a three-phase, four-wire Hymmctriisal system, the lino 
voltage being 400 V., and the phase sequence counter-clockwise. Dt^termine 
the currents in each lino wire, ignoring the voltage drop in all line wires. 

The phase voltage of the system = 400 /y'S = 231V. Hence, if the 
line currents are denoted by /j, /j, Zg, we have 

- 231/2-5 = 92-4 A. 

1 2 = 231/3 == 77 A. 

ij =- 231/3-6 = 66 A. 

These currents are lagging with respect to the phase voltages by the angles 
10°, 16°, and 6°, respectively. 

Tlie graphical solution for the current in the neutral wire is shown in 
Fig. 281, the vector diagram being drawn to a scale of 1 cm. = 10 A. By 
measurement, the vector OZq* representing the sum of the vectors OZj, O/j, 
O/g, is 1-38 cm., and therefore the current in the neutral wire is 1*38 X 10 = 
13-8 A. The angle between 01^ and 01 1 is 41°. 

The analytical solution for the current in the neutral wire using the com- 
ponent method is as follows — 

One of the axes AOA, (Fig. 281) is taken along the direction of the current 
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vector O/j, in order that this vector shall have no component along the 
perpendicular axis BOB^. 

The components along the axis AOA^ are therefore 

/„ 7j, cos(120 + 15 - 10)® and 7, co8(240 + 5 - 10)" 

their sum is given by 

7^ - 92-4-77 X 0-5736 -GG x 0-5736 = 10-4 
The components along the perpendicular axis BOB^ are 

72 Bin(120 H- 5 - 10)" and 7s 8in(240 -f 5 - 10)" 
their sum is given by 

ly = -T7 X 0-810 -f 66 X 0-819 - 9-1 



Ficj. 281. GHArino Solution fuu CuanENT in Neltkal Wiue of 
T iniEK-niASE FoiJii-wiJiE System 
Olo slicnijcl Im* n;ver»i-d in direction 

VVln'Jice the current in the neutral wire is given by 

h - V(V + = Vi^OA^ + 9-1^) - 13-8 A. 

and the phase difference of this current with respect to 7, is given by 
(p^ = tan > lyll^ = tan-»- 0-1/10-4 = -41-2" 

Analytical solution for the current in the neutral using l.ho symbolic method — 
The vector of reference is the phase voltage 
Hence the expressions for the load currents are 
7i = 92-4(cos - 10'’ -|' j sm - 10") = 91 - jl6 

/g = 77 [cos - (120 + 15)" + j sin - (120 -f 15 ')J -54 4 -j54-4 
/a = 66 [cos - (240 + 5'’) + j sin - (240 + 5’)J = - 27 9 + j59 8 
Whence 7o = - (A + A I- 1,) === -S-7 + jl0 6. 

Hence, Jo - V(8'7* + 10-6=) - 13-8 A, 

and its phase difference with respect to Ei is 

(po = tan-i - 10-6/8-7 = 50-6" (lagging). 
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Oalcalstion of Line and Load Coxrents for Three-phase, Delta- 
connected, Unbalanced Load Supplied at Constant Voltage. The 

simplest solution is a graphic one and is shown in Fig. 282. The line 
voltages are represented by the vectors OVy^, OFj.g, OV^^. The 



Fig. 282. Graphical Solution for Current in Delta- connected 

Load 


currents in the branches of the load are calculated from the respective 
line voltages and impedances, and are rejjresented by the vectors 
0 /„ 07, j, 0 /ni, which havii phase differ- 
ences of 9 ?i, 9 ^ 3 » respectively, with respect 

to the line voltages. The line currents are 
represented by the vectors O/j, O/g, O /3 ; 07 j 
being the vector differenci^ of Oli and 01 m, 
01 2 the vector difference of 07, i and Ol^, 
and so on. 

The problem, however, may be easily 
solved by the symbolic method, the polar 
form described on p. 27 being preferable 
to the rectangular form. Thus, if the jihase 
rotation is counter -clochwisey the line E.M.Fs. 
are given by the expressions 
— p'J-120/90 y _ — y J-2A0/90 _ y J120/90 



Fig. 283. Circuit 
Diagram for Delta - 
connected Load 

F,., = VJo, V, 


2-3 


and if the load impedances are arranged in the order Z„ 
as shown in Fig. 283, the load currents will be given by 

h = Yi tIZr = 

/ii = F*.,/Z„ = 

/ni = YailZm = 
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Hence the line currents are given by 

/i = /i - /in = 7,.^ ’’1° *" - /ni'7“’*“ 

= 7, J •Pi"/*" + /,^J-(«''+'Ps°)/»o . 

/s = 7„ - /, = 7 „J-(i 2 n+?>i'>)/»o _ i^j 90 

= 7„J (12l»+9'j°)/»» 4- /,J (lS0+(p,o)/B0 
fa = 7„i - 7„ = 7m.7'i"'’ ■ - /„.7 (i2«+9’a°)/»» 

= 7,„-7(’-® ■ + 7„.7(«'' - 


(203) 


or 72 — •\/[7i^ + 7jn^ + 27 j7iii coa (60 + 903° - 9)1°)] . ' 

7* = Vl7„“ + 72i«+27,7„coa[(180-l-9>i°)-(120 4 9>3°)]| 

a/[7u® + 7,^ + 27,7„cos(60 + 99i“-<p3°)] . . ] (204) 

7* = V"! 7iii* + 7ii- |-27|,7]j| cos[(120 — 953°) — (60 — 9^3 )]| 

= V[7m’* + 7„“ + 27^ 7|„ cos(60 + ~9’3°)] 


The angles Oj, ag, by which these currents lag with respect to 
the voltage ( Yi_ 2 ) between lines 1 and 2 are given by 

7, sin -9?,“ f- 7,„ sin -(60 + 9)3°) 
cii — tan j o 7 T u~i\ ‘ \‘ o\ 

ijcos - /|n cos -(oO -f 9^3 ) 

_ j 7 „sin -(120 + ^3°) -f- 7, sin -(180 -f 
fflj an /jj2.Qy _(|20 + 9^3) + 7, cos -(180 4- T’l”) 

_ , 7m8in -(240 + 9^3° ) + 7n sin -(300 + 973°) 

“s — 7,„cos-(240 -I ^ 3 °) + 7„ cos -(300 + 9J2°) 


If, however, the phase rotation is clockwise, the line voltages for 
the circuit diagram of Fig. 283 will now be represented by 

fVa --- KJ", KVa = F'3., - 

and the load currents will be given by 
7,' = V'l a/^i = 7, 

/«' = F'*s/2n -7„J<>‘=»-P.°)/»» 

/',„ = F'3.2/Z„, = I^J(^*«-W>'oo 
Hence the line currents will be given by 

/i' = 7', - I'm = 7, + 7,„.7(«»-9’»°)/9® 

/s' -= /'ii - /'i = 7„ J(i2o-V’t'’)/»» + 7, , 7 (i 8 o-?>iO,/»o _ ^ (203a) 

fa = f'm-f'ii = + /„ -7 

or 

A' = -f W + 2/1 /m co 8(60 - 973" + 

^2' = VW + A" + 2/„ /i co 8(60 - 971° + (p 2 °)] 

7j' = \/[/in* + /ii® + 2/ni/ii co8(60 - 9^2° 9^8°)] 


(204a) 
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Comparing these equations with those for counter-clockwise 
phase sequence, we find that the two sets of equations are similar 
except for the signs of the phase-angles <p^. Hence in the 

special case where the branches of the unbalanced load have the 
same power-factor (i.e. = 9^2 = 973), the magnitudes of the line 

currents will be unaffected by a change of phase sequence. 


Example. An unbalanced delta-connected load, the branch-circuit 
impedances of which are = 10/l5°. Z^ = 5/ 30°, = 2()/o®, is supplied 

from a syinmotrical three-phase system in which the line pressure is 100 volts. 
Calculate the lirui currents. 

Assinning the phase rotation to be counter-clockwise and the load im- 
pedances to be connected in the order Zj, ^11. Zjjj, the impedance Z^ being 
connected between line wires 1 and 2: and denoting the load cniTcnts by 
A' ^in» and the lino currents by we liave. 


/j .7 -- lOt/ Js/*® 

1 1 10 A. 

7 ,/-(120-f. 30)/90 20t7‘^^®/‘*® 

■ ^ 5 

7n = 2()A. 

7 7-240/00 __ r. 7'240/00 

/in - 00 -- 

hii — 

7j VI 102 ^ 52 2 X 10 X 5cos(00 -f 0 - 15)°] = 14A. 

7.^ = Vf202 H- 10“’ -{- 2 X 20 y 10cos((>0 + 15-:U))‘’] 2SA. 
/s \/L5= + 20= + 2 X 5 X 20cos{0() + 30-0)°J -- 20*6A. 

A vector diagram drawn to scale is shown in Fig. 282. 

If the phase rotation is reversed the loa<l 6.n<l line currents are now 


/'i JO = ' 10 

1\ lOA. 

2 ' li!!! ^/(lao 3o}/»o 20.7®«/»« 

’ " 5 

= 20 A. 

/',J, = J ia40-0)/»0 ^ 5 JJ40/.0 
7 \tT “ 5 A. 

1\ V[102 -r Tj* + 2 X 10 X 5cos( 00-0 + 15)°] - 12-3 

7'^ == V(202 102 ^ 2 X 20 X 10cos(60- 15 + 30)°J • 24-6 

7^3 = V[5* f 20* + 2 X 6 X 20 cos(00 - 30 + 0)°] = 24*4 


Methods of Determining Load Currents for Unbalanced Star- 
connected Load. Two general methods are available. One method 
involves the conversion of the unbalanced star- connected load into 
an equivalent delta- connected load and determining the line cur- 
rents in the manner described above. The other method involves 
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the determination of the phase voltages at the load, from which 
the load currents are readily calculated. 

The first method is more general in its application, as it requires 
no restrictions to be made concerning the symmetry of the system. 
For this reason we shall consider it before dealing with the appar- 
ently simpler method — involving the determination of the phase 
voltages at the load — which, however, loses its simplicity when the 
system is unsymmetrical. 

Conversion of an Unbalanced Star-connected Load into an Equiva- 
lent Delta-connected Load. In order that the delta-connected load 
may be the equivalent of the 
star-coniiiAited load, the joint 
impedances and admittances 
between corn'sponding ter- 
minals must be the same 
in both cases. Thus, if 




denotes the hnped- 



Fig. 284 . CinciJiT Diagrams for Equi* 
VALENT Star and Delta CntctJiTS 


ances of the branches of the 
star-connected load, and 

denote the corre- 
sponding impedanc(;s of th(^ 
branches of the equivalent 
delta-connected load (see Fig. 

284), them we have 

Joint imj)cdanc(i bt‘tween terminals A and B of star-c^onnected load 

= -9] d" ^2 

Joint impedance between terminals B and C of star-connected load 
~ ^2 "i " ^3 


Joint impedance between terminals C and A of star-connected load 

= + Zi 

Joint impedance between terminals A and B of delta-connected load 

Za(Z^ “f" ^f) 

^ K+“Z, -f z. 

Joint impedance b(itween terminals B and C of delta-connected load 

— d~ ?>c) 

A- ?>b ~\r 

Joint impedance between terminals C and A of delta-connecte^d load 

Z,(Z, + Z,) 

"1“ ^6 d- 


-( 7 . 3 * 45 ) 
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Hence for the delta -connected load to be the equivalent of the 
star-connected load, we must have 


n y y + ^•c) 

• * - z. + + Z. “ 1 + Z,IZ, + Zjz, 

y \ y _ ^h(?‘a ~t~ ^c) ~l~ ?'c 

' ^ + z,+Z, 1 + ZJZ, + ZJZ, 

y X y __ + ^b) _ ?>a + ?>b 

^3 + -Z,J^-Z, + Z, 1 + ZJZ, + z,/z. 

Whence 

= ■?! + ?2 +(^1^2/-?3) 

?'b = ^2 + ^8 +(^2-?3/-?l) 

Z, Z^ + Z^+(Z^ZJZ^) . 


(206) 


The method of obtaining the latter group of equations from the preceding 
group is as follows — 

Dividing each equation by tho numerator of its right-hand side, we have 
?'\ ^2 __ ^2 -f -^3 ~1~ I 

+ ^c) ?‘b^?‘a + ^r) *+' 

from which we obtain 


(^1 + j^a) ~ (^2 + + (^3 + ^i) 

?J?b ~ ?b^?a + ^e) + + “^b) 

(^1 + -^ 3 ) ~f {?2 + <^ 3 ) ~ H- ^i) 

^a(^b + ^e)-l (^b(^a-i ^c) “ ^c(^a ^ 

~(^l + ^ 2 ) + 2 4- ) + (^8 ~i- ^ 1 ) 

“ ^a^^b 4 - + ^b(^a + ^c) 4" ^c('^o + ?b) 


_2Z, 

2^a^b “ 

2Z3 

2^b^; 


4“ ?b + ^c 

1 

4 ^b 4- 
1 


TT “^O 








4 ■?'2^3 


K . - 

Substituting in tlio original equations wo have 

v I «r ^ci^zl^t)+ ^c^2(^l + ^2) 

+ ^2 pip zj^-^zjzl 

whence 

-^8 4- 4- (-^i-Zg/Za) 

Similarly 

Zjj Zg -|- Z3 -f' 

^a~ + ^2 +('?i^2/^3) 


Denoting the admittances of the star-connect('d load by 7,, 7^. 
and the corresponding admittances of the d(4ta-conneoted load by 
7a, 7ft, 7c, then for the two loads to be equivalent we must have 

r,+ r,~ r. + r,~ ^ “ j'. + r. 
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_y, TcYa 

Y, f ra • ‘ ^ + Y. 

Y,Y^ _ y , YaY. 

Y,+ Yt~ Y„ + n 


Whence 


Ya 

Y, 



YiY, 

Yi+Y,+ Yi 
Y,Yt 

Y1+Y2+ Yh 
Y sYr 

Y1+Y2+ Yn 


YaY» + Y»Yc + YcY, 
Yc-hY. 

YaYn + YtY, + YcYa 

Ya + Yt 


. (207) 


Graphical Constmction for Obtaining the Values of the Equivalent 
Impedances. As equation (206) shows the equivalent imi)edance8 



Fio. 285. Gbaphicai. Constbuotion pob Equivalent Impjidancxs 

Z„, Zf Zc to be complex quantities, their calculation involves the 
application of the symbolic method. If desired, however, the 
quantities may be readily obtained by a simple graphical con- 
struction, which involves the simple geometric processes of addition 
and proportion. 
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Thus, let the complex quantities Z^Z^jZ^, be 

denoted by Z^, Z/, respective! 3 ^ Then we have 

^ ^ ^ ^ ^ 

Z 3 Z 2 Z]^ Z 3 Z 2 Zi 

Hence to deternune, say, Z^, vectors OZ^, OZ^^ OZ^, representing 
the star-connected impedances Z^, Z 2 , Z 3 , are drawn from a common 
point, 0 (Fig. 286«), and a triangle OZ^Z^, similar to triangle 
OZ^Z^, is constructed upon OZg. Then OZ^ represents the quantity 
Zj = ZjZg/Zg, since OZ^/OZg — OZ^jOZ^. 

Therefore Z,^ is given by the geometric sum of OZ^, OZ 2 , OZ^, 
i.e. by OZ^ (Fig. 285ri). 

Th(i quantities Z^, Z^, are determined in a similar manner, as 
shown in Fig. 2856, c. 


Example. Determine the line currents in an unbalanced star-connected 
load when supplied from a symmetrical three-phase sysh'm at a lino pressure 
of 100 V., the impedances of the branches of the load being Zj = 5/ IJ0°, 
Zj - 12/45°, and Zji 8/ 00° ohms. 

Tho graphic solution for the equivalent imp('dant;os of llio dcilta- connected 
load IS given in Fig. 285. The analytieal solution is as follows — 

The compound terms, Z, Z2/Z3, etc., in the equation.s (206) for the equivalent 
impedances Z^, Z^, Z^, are first evaluated, using tho jiolar form of symbolic 
notation, and (ho vector addition is then carried out, using tho rectangular 
form of notation. Thus 


'^2 


5 X 12 


J(30 + 46 - 60)/»0 — 7.5 J 15/»0 


1 O V g 

„ . JP &-!-«» ■ 30)/»0 19*2 


(,/««+ 30 - *a)/»o 


Hence 

~ " 30° !- jCi sin 30°) + (12 cos 4,5° + .7 1 2 sm 45°) 

+ (7-5 cos 15° -j ;7-5 sin 15°) 
--- (4-33 -f- 8-4S -}- 7'24) -f .;i:2-5 + 8-48 + 1-94) 

== 20 05 1 jl2 92 


Zf, = (12 cos 45° -f jl 2 sin 45°) -f (8 cos 60° -1 >6 sin 00°) 

+ (19-2 cos 75° 4- shi 75' ) 
(8-48 + 4 + 4-97) 4 ^(8-48 + 6-93 -1- 18-55) 

- 17-45 + j33 96 

= (8 COB 60° + y8 8in60°) 4- (5 cos 30° 4 ^5 sin 30°) 

4- (3-33 cos 45° 4- >3-33 sin 45°) 

(4 + 4-33 + 2-36) -f 7 (6-93 4- 2-5 4- 2-30) 

= 10-69 + jll79 
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W lienee 

V(20 062 -f 12-92**) - 23-83 Q 
(p^ == tan-i 12-92/20-05 - 32-8*’ 

= V(17-45a -4- 33-962) = 38-1 a 
(pj^ = tan * 33-96/17-45 = 62-8° 

-= V(10-692 + 11-79=) - 15-9 0 
(p^ = tan'i 11-79/10-09 = 47-8° 

Assuming the phase rotation to bo clockwise, anti denoting the currents in 
the) branches of the oquivalent delta-connccte^ei load by 1^* 
corresponding lino currents by 7j, /jj, ig, we liave 

IV* _ j-32.8;oo 

23-83 

mi 

38-1 
100 


ig, and the 


7 




4-2 ,7'22. «/»o 


J-t|20 6 2.8)/00 _ 2*62 J'* ‘* = - 2/®*^ 


15-9 


J-(2i0 + 47.8)/»0 0-29 


Therefore, 

h = VLV+ /cM- 2 /^/,cos(60 + (p,-<rar\ 

= 4- 6-292 + 2x4-2 X 6-29 cos (GO | 47-8-32-8)°] -- 8-42A. 

Ao Vih^ i- + 2/^7^008(60 + <p^-(p^n 

^ +[2-622 -I- 4-22 + 2 X 2-62 X 4-2 co8(60 -f- 32-8^02-8)°] =- 6-6A. 
I, =.= + f 27,7,008(60 + (^i,- 7),)°! 

-- +[ 6-292 + 2-622 + 2 X 6-29 X 2-62co8(60 62-8-47-8)°]-7-42A. 


Determination of the Currents in an Unbalanced Stax-connected 
Non-inductive Load Supplied from a Ssrmmetrical System. Direct 
Geometrical Method. In a sym- 
metrical system the line voltage 
vectors may be drawn in the form 
of an equilateral triangle, e.g. 

ABC (Fig. 286), If the point O 
in this triangle represents the 
potential of the neutral point of 
an unbalanced load comiected to 
this system, then vectors drawn 
from 0 to the corners of the tri- 
angle will represent the voltages 
across the branches of the load. 

These voltages can be expressed 
in rectangular co-ordinates with 
respect to rectangular axes drawn through 0 when the line-voltage 
triangle ABC is drawn with the side BC horizontal. 

Thus let X, y be the co-ordinates of u4 ; V denote the numerical 
value of the line voltage ; and Ei, En^ Em denote the phase volt- 
ages (represented by OA^ OB^ OC). Then the co-ordinates of B are 
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® Vb — ~ ( V3T^/2 - y ) ; and the co-ordinates of C are 

- *). yc = - ( V3F/2 - y). 

Hence E^ = x + jy \ = (a: -f |F) - j(^/ZV - y) 

Em = -{i V-x)-j{VSV/2-y). 

Let J?!, R 2 , Rg denote the resistances of the branches of the load ; 
Fi, F(, F 3 , the admittances of these branches, and the 

currents in them. 

Then since /i + /* + /s = 

li~ ~ (/* + /s) = -^i + jy)- 

Also I 2 = EnY^t and 

Hence 

^ + /s = y 2 [(* + iF) -MVV3 - y)] + F 3 [ - (iF - X) -i(JF V3 -y)] 
Adding this to the preceding equation for - (Jj + /j), we have 
0 = [x[Y, + F, -t- Fs) + mY^- F3)] +jMF, + F3 + F3) 

- (Fs+ F3)JFV3] 

Therefore a;(Fi -f F, + Fg) -f iF(Fg- Fg) = 0 , 
and y(Fi + Fg -f Fg) - (F* + F,)iFV3 = 0 . 

Whence * = - i F( F* - Fg)/( Fg -f F* -f Fg) 

y = (JFV3) (Fg -f Fg)/(Fg + Fg + Fg). 

Example. Three non-inductive resistances of 6, 10, and 15 ohms are con- 
nected in star and supplied from a 230-V. symmetrical three-phase system. 
Calculate the line currents. 

Denoting the voltage across the 5Q. resistance by Ei^ and the voltages 
across the lOD. and 15f2. resistances by and respectively, the co- 
ordinates of J?j with respect to the neutral point, O (Fig. 286), are given by 

a; = - i X 230(ii, - + A + A) 

= - 90-6 

y -- i X 230 \/3 4- iV,)/(.^ + iVi + iV.) 

= 90-6 

Therefore, E^ = - 10-45 4- j90 5 

E^j = ( - 10 45 + 115)-j{199 - 00-5) 

= 104 56 -jl08-5 
= - {115 4- 10 45) -j(199 - 90 5) 

= -^125 55-jl08 5 

Whence ^ EJ5 = - 2-14- JlS l 

/2 = i:,i/10 =10 5-~jl086 
h == ^iri/15 = - 8 37 - j7 23 
Check— A 4- /a 4- /a = 0 03-j0 02 

[Note. The calculations are made to slide-rule accuracy only.] 

Hence, A = V( 2-1* 4- IS-l® ) *= 18-2 A. 

J, = ^(10-6* + 10-85*) = 15-1 A. 

J, V(8*37* 4- 7-23*) == 11-05 A. 
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Dirsgt Determination of Potential of Neutral 
Point of Load 

Determination oi the Potential of the Neutral Point and the Phase 
Voltages for a Balanced Star-connected Load Supplied from a Three- 
phase System. In this case the potential of the neutral point and 
the voltage across each branch of the load is easily determined 
graphically by drawing the line-voltage vectors in the form of a 
triangle and determining the centre of gravity of this triangular 
area. The point so obtained represents the potential of the neutral 
point, and vectors drawn from it to the corners of the triangle 
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represent the voltages across the branches of the load. The con- 
struction is shown in Fig. 287, in which the triangle ABC is drawn, 
having its sides AB, BCy CAy equal and parallel to the line-voltage 
vectors OV ^ . ^y OV ^ OV ^ i (Fig. 287c) respectively. The mid- 
points, G, H, J, of these sides are joined to the opposite comers. 
The common point, Oj, of intersection of these lines is the centre of 
gravity of the triangular area ABCy and represents the potential 
of the neutral point of the load. The voltages across the branches 
of the load are represented by the vectors OiAy OiBy O^C (Fig. 287d). 

Proof. Consider for simplicity a fwn-induciivey star-connected, balanced 
load (Fig. 287a). Let this 1^ rep]a(;ed by an equivalent delta-connected load 
(Fig. 2H7h). Then the currents in the branches of the latter will be pro- 
portional to, and in phase with, the line voltages : they may, tliercfore, be 
represented by the vectors OFi-*, OV^ ,, OV^.j (Fig. 2Slc)y and by tlie triangle 
ABC (Fig. 287d). The current scale and the magnitudes of the currents 
may be easily calculated. Thus, if R is the resistance of each branch of the 
star -connected load, the resistance of each branch of the equivalent delta- 
connected load is equal to 3i2, and the currents in the branches of this load 
ar<« given by 

7, - Y,.J3R. /„ = Y,J3S, /,„ = F,../37J. 
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Honoe the current scale of the vector diagram is equal to l/3ii times the 
voltage scale. 

Now the line currents are equal to the vector differences of the currents 
in adjacetit branches of the delta-connected load : they arc, therefore, 
repremmted in the vector diagram by the diagonals AD, BK, OF, of the 
parallelograms, ABDC, BCEA, CAFB, respectively, described on the sides 
of the triangle ABC. 

But the voltages across the branches of the star -connected load are pro- 
portional to, and in phase with, the line currents, and are, therefore, given by 


El - R 




E^ - R 


- (Fs 3 -Fi-s) 


E, -- R 


^ J (Fa .-F3-3) 

i 


Itence AD, BE, OF, represent the voltages across the brandies of the 
star-connected load to a scale three times the original voltagf* scale of the 
diagram. 

Since the diagonals AD, HE, CF, bisect the sides BC, CA, AB, of the 
triangle ABC, the former intersect one anotlau* at a common yioint, and 



Fifi. 288. Mis'L’iroD of Disterminino Potential of Neittkal Point 
OF A Balanced Star-connected Inductive Load 

(a, b) Equivalent circuit djafC’anis; (r) Vector diagram for {b)\ (d) Construction for 
obluiiiing iK>tcntial of uculrul ijuiiit. 

the distances OjC?, Ojli, OiJ, are equal to one-third of the distances CC, 11 A, 
JB, respectively. Therefore, OiA, O^B, 0,6’, represent the voltages across 
the branches of the star-connected fpad to the original voltage scale, and the 
point O, represents the potential of the neutral point of the load. 

The construction for the proof in the case of a balanced inductive load 
differs slightly from that for the case when the load is non-inductive, as the 
currents in the branches of the load are not in jihaso with the voltages across 
these branches. Thus, in Fig. 288d, the triangle ABC represents the vector 
triangle for the line voltages. From tlio corners of this triangle are drawn 
the vectors BO, CL, AQ, representing the currents in the branches of the 
equivalent delta- connected load. If these vectors are made equal to the 
vectors AB, BC, CA, respectively, the current scale will be equal to 1/3Z 
times the voltage scale of the diagram, where Z denotes the impedance of 
each branch of the star-connected load. 

The line -current vectors, BJ, CN, AS, are then determined by constructing 
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the parallelograms BGJU, CLNM, AQST ; and each parallelogram is rotated 
so as to bring the current vectors BO, CL, AQ, in line with the corresponding 
voltage vectors, AB, BC, CA. Then the new positions of the line-current 
vectors will represent the voltages across the branches of the star -connected 
load to a scale three times the original voltage scale of the diagram. Hence 
if from the points ABC the lines AE, BF, CD, are drawn parallel to BJy 
CN-^, ASi, respectively, the former will inters<?ct at a common point, Oj 
which represents the potential of the neutral point of the load. MortH>ver, 
since the points D, F, are the mid-points of the sides AB, BC, CA 

respectively, the point is tlie centre of gravity of the triangular area ABC, 

Hence, in all cases of balanced star -connected loads, the potential of the 
neutral fioint of the load iriay be obtained by determining the centre of 
gravity of the triangular area formed by the vector triangle for the lino 
voltages. 


PotentAd Difference Between Neutral Points of Generator and 
Balanced Star-connected Load. When the supply system is syrn- 


tnetrical the neutral point of 
a balancc^d star-connected 
load is at tiic same potc^ntial 
as that of the generator, 
since the line-voltage vectors 
then form either an equi- 
lateral triangle (when the 
number of phases is equal to 
three) or a regular j)olygon 
(when the number of phases 



is greater than three), and Fia. 289. Showing Differkncic of 
the potential of the neutral Potential Between Neutral Points of 

point of the system is repre- Balanced Star-connected Load 
sen ted by the centre of 

gravity of this triangle or polygon, which also represents the 
jiotcntial of the lujutral iioint of the load. Hence the voltages across 
each branch of the load are equal to, and in phase with, the voltage 


across the corresponding phase of the generator, assuming the voltage 
drop in the connecting wires to be negligible. 

But when tin? system is unsymmetrical, the potential of the 
neutral point of the system is not generally represented by the 
centni of gravity of the line-voltage vector triangle or polygon. 
In this case the voltages across the branches of the load are neither 
equal to, nor in phase with, the corresponding phase voltages of the 
generator. For example, consider an unsymmetrical three-phase 
systc^m in which the phase voltages are represented by the vectors 
OE^, OEji, OEjjj, Fig. 289. The line voltages are then represented 
by the sides of the triangle, Ei, E^, E^^, formed by joining the 
extremities of these vectors, and the potential of the neutral point 


is represented by 0. The centre of gravity of this triangle is at 0^, 
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which therefore represents the potential of the neutral point of 
a balanced star>connected load supplied from the system. The 
voltages across the branches of the load are represented by vectors 
drawn from 0^ to the points E^, E^^. 

The potential difference between the two neutral points is 
represented, to the voltage scale of the diagram, by the distance 
00^, 

Hence, when a non-inductive star-connected balanced potential 
circuit is employed in connection with the three- and four-wattmeter 
methods of measuring power in three- and four-phase unbalanced 
systems (p. 196), the voltages across the branches of the potential 
circuit are not necessarily equal to, nor in phase with, \;he phase 
voltages of the system. Under these conditions, the readings of 
the separate wattmeters do not represent the power in the phases 
of the system, although the sum of the readings is equal to the 
total power. 

For example, in a three-phase unsymmetrical system the voltages 
across the branches of the potential circuits may be represented 
by O^Ei, OiEjif Fig. 289, and the phase voltages of the 

system by OJ&j, OEjjy OE^j^. Now is equal to the vector 

difference of OEi and 00 ^ ; OiE^ is equal to the vector difference 
of OEii and 00 ^ ; is equal to the vector difference of OE^^^ 

and 00^. Taking instantaneous values, and denoting the potential 
difference, 00 between the neutral points by the line currents 
Hi H> Hi i'iie phase voltages of the system by Cj, Ci„ the 
power measured by the separate wattmeters is given by 

Pi = h(«i - V J = t\e, - 

p2 ~ *2(^11 “ '*^ 0 ) “ HHi ~ Vo 

Pz ~ H{HiV“ ^0) ~ *3^111” Vo 


Whence Pi + P2 + Pz = H^i + Vii + HHn - 'f'\(H + H + h) 

= i^ei ^ + ^3^111 

since + H + H = 0- 

Variation of the Neutral Point Potential of a Star-connected, Non- 
inductive Circuit when the Resistance of One Branch is Varied. 

Consider a star-connected, non-inductive circuit, of which one 
branch is variable, as in Fig. 290, to be supplied from a symmetrical 
three-phase system at constant voltage. The variation of the 
resistance of one branch will then cause a variation in magnitude 
and phase of the currents in all the branches, as well as a variation 
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of the potential of the neutral point. If the neutral point of the 
system is assumed to be at zero potential, the potential of the 
neutral point of the load may, according to the relative values of 
the resistances of the variable and fixed branches, have values 
between zero and the phase voltage of the system. For example, 
when the resistance of the variable branch is equal to that of each 
of the fixed branches, the potential of the neutral point is zero 
and when the resistance of the variable branch is zero, the potential 



(a) {b) 



Fie. 290. Circuit and Vector Diagrams fob Star-connecsted 
Non-inductive Load with One Branch Variable 


of the neutral point is equal to the phase voltage of the system. 
Again, when the resistance of the variable branch is infinite, the 
potential of the neutral point is now reversed and is equal to 
one-half of the phase voltage of the system. 

The variation of the potential of the neutral point and the phase 
difference between the currents in the branches of fixed resistance 
for various ratios of variable rcsistance/fixed resistance is shown 
in the curves of Fig. 291. 

Since the supply system is symmetrical, the currents in the 
branches of fixed resistance, and the voltages across these branches, 
must be always equal to each other, and the vector difference of 
these voltages must be equal to the (constant) voltage between the 
line wires to which the fixed brandies are connected. Hence, if 
the line-voltage vectors are drawn in the form of an equilateral 
triangle, ABC (Fig. 2906), and the side BC represents the voltage 
between the line wires to which the fixed branches are connected, 
the potential of the neutral point of the load is represented by a 
point in the line AZ), whore D is the mid-point of the side BC. 

'When the resistance of the variable branch is equal to that of 
each of the fixed branches, the potential of the neutral point of 
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the load is ropres(^nted by the point 0 (the distance OD being one- 
third of AD), and is zero, assuming the neutral point of the system 
to be at zero potential. When the resistance of the variable 
branch is decreased, the potential of the neutral point of the load 
increase's, and is represented by a point, such as 0^ in OA. In the 
extreme case, when the resistance of this branch is zero, the potential 
of the neutral point of the load is represented by A , and the difference 
of pottintial between the two neutral points is equal to the phase 



Fig. 291. Curves Relating to Fig. 290 


voltage of th(; system, OA. In the other extreme case, when the 
resistance of the variable branch is infinite, the potential of the 
load neutral point is represented by D, and since OD is equal to 
10 A, the potential difference between the two neutral points is 
now equal to one half of the phase voltage of the system, and is 
reversed in direction. 

The currents in the branches of fixed resistance, and the voltages 
across these branches, are representtid, to different scales, by OjC’ 
and OyB, and the phase difference between the currents, or voltages, 
is represented by the angle BO^G. 

The current in the branch of variable resistance is given by the 
reversed vector sum of the currents in the branches of fixed resis- 
tance, and is represented by 01 (Fig. 290c). This current is in 
phase with the voltage across the variable branch, which is repre- 
sented by O^A (Fig. 2906). Thus, from the vector diagram, or the 
curves of Fig. 291, the value of the resistance of the variable branch, 
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expressed in terms of the resistance of the fixed branches, necessary 
to obtain a given phase difference between the currents in the 
fixed branches may readily be obtained. 

For example, suppose the currents in the fixed branches are to 
have a phase difference of 90°, the point 0i (Fig. 2906) is determined 
such that the angle BOiC is 90°. The value of the resistance of 
the variable branch may then be obtained eithc^r by calculation or 
from moasununents on the vector diagram. Thus, if V denotes 
the line voltage, the voltages across the branches of the load are, 
from the geometry of Fig. 2906, equal to F\/2/2; F-v/2/2; 
F(\/3-l)/2. Hence if R denotes the resistance of each of the 
fixed brfSichcs, the current, I, in these branches is equal to 
Vy/2j2R, and the current, 7^, in the variable branch is numerically 
equal to the vector sum of the currents in the fixed branches, i.e. 

= -v/2 . I = V/R. Hence the resistance of the variable branch 
is given by R^ =' - l)/2]/( F//e) = l)/2 0*366/2. 

To obtain the value of Ri frommeasununents on the vector 
diagram, produe.c COi (Fig. 2906) to cut the side AB at E^ and 
measure AE and BE, Then AE/BE = RJR. 

Conversely, if the side AB be divided at E such that AEJEB^ RJR 
and the point E is joined to the opposite corner C, then the point, 
0^, of intersection of CE and AD gives the potential of the neutral 
point of the load. 

Proof. From B and C (Fig, 2906) draw BF and OF parallel to Ofi and 
O^B respectively, and prodiicci AD to tbo point of intersection, of BF 
and (JF. Then triangles AO^Ey AFB, are similar, and therefore 
AOJAF AEIAB. 

Whence AO^IO^F = AEjEB. 


Now 0.4 1 represents, to the voltage scale of the diagram, the voltage across 
the variable branch of the load, and O^F represent s, to tlie current scabs tlie 
current in this branch, smee, by construction, O^F is the vector sum of Oji? 
and OiCy and tlie latter represent the currents in the fixed Viranches of the 
load. Hence, if the diagram is drawn for a voltage scale of 1 cm. - q volts, 
the current sijale will be 1 cm. ™ qlJl amp. 


Whence 


li. 


{qlIi)0,F 


B 


AO^ 

O^F 


AE 

EB 


Now. when B0,C - 90^ AO^ = AB{^/3 - 1 )/2, 

OiF = 0,7? . V2 = V2(\/2 . AB12) - AB. 


Therefore 


i.e. 


_ AB\W^-m\ _ 1 _ 

0,F ■ AB 2 

7 ?, - 0-366 By 


and generally B^iB= AEjEB, 


This graphical method of determining the potential of the neutral 
point may be extended to unsymmetrical systems, and to the more 
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general cases, when all branches of the load are variable and the 
loads are inductive, provided that the power factor of each branch of 
the load has the same value. 

In the general case, where the branches of the load have the 
impedances Zg, Z^, and the line voltages of the system are 
represented by the vector triangle ABC (Fig. 2926) — in which the 



Fig. 292 . Cikouit and Vector Diagrams for Star-connected 
Variable Load of Constant Power Factor 

side AB represents the voltage between the lines to which the 
impedances Zj, Zg, are connected ; the side BC represents the 
voltage between the lines to which the impedances Zg, Zg, are 
connected, and so on — the side AB is divided at E such that 
AEjEB = Zj/Zg ; BC is divided at D such that BDjDC = Zg/Zg, 
CA is divided at F such that CFjFA = ZJZ-^. Then the lines 
joining the points A, D ; B, F \ Cy E will intersect at a common 
point, O^y which represents the potential of the neutral point of 
the load. 

“ Floating ” Neutral Point. When the neutral point of the load 
is isolated from the neutral point of the generator, the potential of 
the former is subject to variations according to the unbalance of 
the load, and under certain conditions of loading a considerable 
difference of potential may exist between the two neutral points. 
Such an isolated neutral point is called a “ floating neutral point. 

All star-connected loads supplied from polyphase systems without 
neutral wires have floating neutral points, and any unbalancing 
of the load causes variations not only of the potential of the neutral 
point but also of the voltages across the several branches of the 
load. Hence, when single-phase electric lighting loads are to be 
supplied from three-phase throe-wdre systems, the former must be 
delta-connected in order that the voltages across the branches of 
the load may not be appreciably affected by a slight unbalancing 
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of the loads. If a star connection of the load is desired, then the 
four-wire system must be employed, and the neutral points of load 
and generator must be connected together. 

Determination ot the Potential of the Neutral Point and the Phase 
Voltages for an Unbalanced, Star-connected, Inductive Load Supplied 
from a Three-phase System. The solution will be obtained for the 
general case where the 
power-factors of the 
branches of the load may 
all bo unequal. The line 
voltages of the system 
supplying the load are 
assumed to be known, as 
will generally be the case 
in practice. The simplest 
solution is a graphical 
one, the construction 
being shown in Fig. 293. 

Before the construction 
is commenced, however, 
the impedances 

of the equi- 
valent delta-conn(‘ot(id 
load must be determiru^d, 
either by calculation or 
graphically. Having 
obtained these quantities, 
the vector triangle ABC 
(Fig. 293) is drawn to 
represemt the line voltages 
of the supply system. 

From the corners H, C, 

A of this triangle the 
vectors HZ), COy AK, are 
branches of the equivalent delta-connected load ; BD representing 
the current in the branch su]>plied at the voltage represented by 
AB; CO representing the current in the branch supx)libd at the 
voltage represented by BC ; and so on. The lino currents 
are then determined by constructing the parallelograms BDEF, 
COHJy AKLMy and are represented by the vectors BFy 
CJy AM. If each of these vectors is multiplied by the 
impedance of the branch of the star-connected load through 



Fig. 293 . Graphical. Solution for Deter- 
mining Potential of Neutral Point op 
Unbalanced Star-connected Load 
(Any Power Factor) 

drawn to represent the currents in the 
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which the current (which is represented by the vector under con- 
sideration) passes, the resulting vectors will represent the voltages 
across the branches of the original star-connected load. This 
multiplication is carried out by rotating the vectors through the 
appropriate phase angles, q)i, (p^y (p^y of the branches of the star- 
connected load, and at the same time changing the scale. The 
calculation of the new scale for the voltage may be avoided by 
employing the direct construction shown in Fig. 293, by means 
of which the load-voltage vectors are determined to the same 
scale as the line-voltage vectors. Thus the line-current vectors 
are rotated through the appropriate angles, tp^, (p^y (psy to the posi- 
tions BF^, CJi, AMi, and parallels AO^, BO^y COiy Lee drawn 
from the corners A, B, C of the line-voltage vector triangle. 
These lines meet at a common point, which represemts the 
potential of the neutral point of the load. Hence the vectors, 
AOj^, BOi, COi, represent the voltages across the branches of the 
load to the same scale as the vectors AB, BC, CA, represent the 
line voltages. 

Proof. Let the inipedancos of tlio star -connected load be denoted by 
Zj(p2t and tliose of the equivalent delta-connected load by 

Zj<p^y Zi^l(pfft Zj(pf, Then if the line voltages are denoted by \\ . V^. 3, 

Tg . 1, the currents in the branches of the delta-connected load are given by 

la '-Vi- 2/?a. /b = F* - Ic = Y.. 

Hence the line currents are given by 

l2=r. T,- 1,-1, 

I’herefore the voltages across the branches of the load arc given by 

Fi-o - .^^1 = 

¥ 2 - 0 - J 2 Z, . jz, - Y, . JZJ 

Fa - 0 = ^a(F3 " Fa - 

Whence 

/ Z,Z, + Z,Z, \ / ZiZ^ 

■ ■ ‘ + z,z, + z,zj • ^ » V z,z^ + z,z, + z,z^ 



z,z, + z,z, + z,z\ 

y, . .) 



\z^z^ + z^, + z,z, 

= V ( ^ . 

• ^■*\z,z, + ^z,'+z,zj ' 

= F.-. 

Similarly, F»- o “Fa- o = F» - » 

“d F».o-Fi-.-F.-. 






■+" -^2^3 “I" 




-F,., ( 

/ z,z, + z,z , \ 

' '■’‘\z,z, + z,z., + 'z,zj + 


) 

) 



+ A'l _ t' 

Zo / 


h 


Zi 

>5, 
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Thus the voltages across the branches of an unbalanced star-connected 
load supplied from a three-phase system may be represented by vectors 
drawn from a particular point, inside the vector triangle for the line voltages, 
to the corners of this triangle, and both quantities are represented to the 
same scale. Hence, in the construction of Fig. 293, since the lines 

were drawn parallel to the vectors representing the quantities 
/jZi, their common point of intersection represents the potential 

of the neutral point of the load, and their lengths represent the magnitudes 
of the voltages across the branches of the load. 


Calculation of Generator and Load Voltages 

Determination of the Generator Line Voltage for Three-phase, 
Three-wire, Systems, the Voltage at the Load Being Known. In many 
cases of the supply of electrical energy for power purposes the 
position of tlie “ load,” or place where the energy is utilized, is at 
a considerable distance from the generator, and therefore the 
impedance of the line wirc^s will affect the voltages at the generator 
and load. As the load must usually be supplied at a definite 
voltag(i we must show how the voltage at the generator may be 
determined. We shall assume the load to be concentrak^d at a 
single point and to be supplied from the generator through a single- 
circuit transmission line, as these conditions are representative! of 
the practical case of a sub-station, or a distributing station, being 
supplied from a central generating station. 

Case 1. Star -connected Load The line currents and the potential 
of the neutral point of the load are first dekjrmined. The pressure 
drop in each line wiie is then calculated and is added vectorially 
to the voltage across th(i corresponding branch of the load. The 
quantities so obtained n^present the voltages between each terminal 
of the g(!nerator and the neutral point of the load. The voltages 
between the terminals of the generator are therefore determined. 

The vector diagram is shown in Fig. 294, in which ABC represents 
the vector triangle for the known line voltages at the load ; 0^ 
represents the potential of the neutral point of the load ; and OjA, 
O^B, represent the voltages across the branches of the load. 

The line currents an* represented by the vectors 0^1^, 

The pressure drops in the line wires are represented by the vectors 
AD, BE, CI\ these' vectors being drawn in the positions shown 
for convenience of carrying out the vector addition. [N,ote. AD 
represent;S the pressure drop in line I, CF the pressure drop in line 2, 
and BE the pressure drop in line 3.] By adding, vectorially, the 
pressure drop in any line wire to the voltage across the corre- 
sponding branch of the load we obtain the voltage between the 
neutral point of the load and the terminal of the generator. These 
voltages are represented by the vectors 0-^E, O^F, Therefore 

3i~(T.5245) 
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the triangle DEF is the vector triangle for the line voltages at the 
terminals of the generator. 

Observe that when the loads are balanced and the line wires have 
equal impedances, the vector triangle for the generator voltages is 
of similar shape to that for the load voltages (Fig. 294a), but that 
when the loads are unbalanced, one of the voltage triangles is 
distorted relatively to the other (Fig. 2946). 

Case IL Delta-connected Load, The vector diagram for this case 
is shown in Fig. 296. The known (line) voltages across the branches 



Fig. 294. Graphical Method of Determining Generator 
Voltage for Star-connected System 
( a) Balanced load ; (6) Unbalanced load. 


of the load are represented by the sides ABy BC, CAy of the vector 
triangle ABC, and the currents in the line wires are represented 
by the vectors AD, BE, CF, these vectors being obtained from the 
vectors AI^, BIjj, CIi^, representing the currents in the branches 
of the load. Observe that the vectors AD, BE, CF are so drawn 
in relation to the vectors for the load voltages that if BA represents 
the voltage between lines 1 and 2, AD will represent the current 
in line 1 ; it AC represents the voltage between lines 3 and 1, 
CF will represent the current in line 3 ; and so on. 

The vectors BG, AH, CJ, representing the pressure drop in each 
of the line wires, are now added at the appropriate comers of the 
voltage triangle ABC (BO representing the pressure drop in line 2, 
CJ the pressure drop in line 3, and AH the pressure drop in line 1), 
and by joining the free ends, O, H, J, we obtain the vector triangle, 
OHJ, for the generator voltages. 

The above observations regarding the nature of the load and the 
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shapes of the vector triangles for the generator and load voltages 
apply equally well to the present case. 

Determination of Load Currents and Voltages tor Three-phase, 
Three-wire, Systems, the Generator E.M.F. being Known. In the 

preceding section we determined the voltage necessary at the 
terminals of the generator in order to give a definite voltage at the 
load. When the load voltages are symmetrical and the load is 
balanced, the voltages at the generator will also be symmetrical. 
But if the load voltages are to be symmetrical and equal when the 



Fia. 295. Graphicai. Method of Determining Generator 
Voltage for Delta-connected Load 

load is unbalanced, the voltages between the terminals of the 
generator must be unsymmetrical and unequal, due to the pressure 
drop in the line wires. Under these conditions there may be 
difficulty in obtaining the required voltages. It will, therefore, be 
of interest to consider the converse of the above case, viz. the 
determination of the voltages at the load when the internal E.M.Fs. 
of the generator are knowm. , 

When a three-phase generator is unsymmetrically loaded, the 
voltages at its terminals will, in general, be unsymmetrical, although 
the E.M.Fs. generated in the phases may be symmetrical. Since 
the generated E.M.F. may be considered as equivalent to the 
no-load E.M.F., we may determine the terminal voltages when the 
generator is loaded by compounding the no-load E.M.Fs. of the 
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several phases with the pressure drop in these phases due to 
impedance and armature reaction. The currents in the load may 
therefore be determined from the no-load generator E.M.Fs. and 
the impedances of the load, line wires and generator. 

Case L Generator and Load Star -connected. The currents may be 
determined by two methods, one involving the calculation of the 
equivalent dolta-coniiecttd circuit, and the other involving the 
determination of the difference of poUmtial between the neutral 
points of the generator and the load. In the fii-st method the total 



Fiq. 296 . GiiAi’iJicAL Method of Detetimitsiino Load Vodtacje 
FOR IStaii-uonnected System 


impedance of each phase of the star-connected circuit (i.e. the sum 
of the impedances of each phase of the gemerator, load, and con- 
necting wire) is calculated, and the impedance of the equivalent 
delta-con nect(Hl circuit is determined. This delta-circuit is then 
assumed to be supplied at the 'no-load generator line voltage, and 
the branch circuit and line currents are calculated. The line currents 
will be the same as those in the original star-connected circuit. 

If the potential difference between the neutral points of the 
generator and load is known, the line currents may be obtained 
by dividing the total impedance of each phase into the difference 
between the no-load E.M.F. of the appropriate phase of the generator 
and the potential difference between the two neutral points. Thus 
if the no-load phase E.M.Fs. of the generator are represented in 
Fig. 296 by the vectors OE^y 0^,i, and 0^ represents the 
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potential of the neutral point of the load, the current in phase I 
of the system is given by OiEJ {sum of impedances of phase I of 
generator, load, and connecting line wire). The currents in phases 
II and III of the system are obtained by dividing the E.M.Fs. 
represented by OiE^, by the appropriate impedances. The 

currents are represented by the vectors 01^, 01 2 , 01 

The voltages across the branches of the load are obtained by 
multiplying the line currents by the appropriate load impedances. 
These voltages are represented in the vector diagram of Fig. 296 
by the vectors OFj, OFg, OFj. 

The voltages at the terminals of the generator may be obtained 
by compounding the voltages across the branches of the load with 
the pressure drops in th(i line wires. The latter are represented by 
the vectors F^Fj^, FaFg^,, FgFa^. Thus the phase voltages of the 
generator when loaded are represented by the vectors OFjp, OFs^, 
OV^gy and the pressure drops in the phastis of the generator are 
represented by the vectors Ei E„V^, A’„,F 

3a- 

Case II. Generator and Load Delta-connected. In this case we 
replace the delta connections of the generator and load by equivalent 
star-connected circuits. The solution is then obtained in the same 
manner as for the preceding case. 

Determination of Load Currents and Voltages for Three-phase, 
Four-wire Systems, i.e. Three-phase Systems with Star-connected 
Loads and Neutral Wire. General Case — Voltage Drop in all Parts 
of Circuit Considered. The direct analytical solution to this 
case involves the application of Kirchh off’s laws and is given 
on p. 491. 

An alternative analytical solution may be obtained very simply 
by employing the principle of super-position of electric currents. 
Thus, since the resultant E.M.F. in each phase, taken from the 
neutral point of the generator to the neutral point of the load, is 
equal to the vector difference of the no-load phase F].M.F. of the 
generator and the potential difference between the two neutral 
points, the actual current in each circuit may be obtained by 
super-imposing the fictitious currents due to (1) the no-load genera- 
tor E.M.F. acting alone, (2) the potential difference between the 
neutral points acting alone. ^ 

Let the no-load phase E.M.Fs. of the generator be denoted by E^, 
Eyii\ the impedances of each phase of the system (including 
the impedances of the generator, connecting line wire and load, but 
not the impedance of the neutral wire) by Zgt, Z^t', the 

impedance of the neutral wire by the actual currents in the 
neutral wire and the branches of the load by /q, /j, 72* respectively, 
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and the potential difference between the two neutral points by Fq. 
Then 


/o === “ (/i + A + /a)* Vo — ~ !q?oi 



. (208) 
. (209) 
... (210) 


where I^t denote the phase currents which would be obtained 

if the two neutral points were at the same potential, and /g*', 

denote the phase currents which would be obtained if the generator 
E.M.Fs. were zero and the potential Vq existt'd between the neutral 
points. 

Hence /, = - [(// - /,") (// - 1/) + (I,' - 1/)] 


“ (Ii + ^2 + /a ) + di" + + h") 

= - /'o + ill" + h" + /a") 
or /o = “ /o + fi" + 1 2 ' ”f~ Iz' 

= Fo/?o. + Ko/^1. + Fo/^ 2. + Fo/^ar 

- Fo(Foi H Fi. + F« + Fa.) 

where denott^s the current which would be obtained in the 
neutral wire if the impedance of this wire were zero, and Fqi, Fj/, 
^ 2 <» ^ 3 .» denote the admittances of the neutral wire and the several 
phases, respectively. 

Whence V, = /^'/(Fo. 4^ Fi. + F 2 . + Fa.) • • (211) 


The load currents h, h, h, may be determined either directly 
from the E.M.Fs. and impedances or, indirectly, by the super- 
position of the fictitious currents 1 2 " J ^z"- 

the latter case we have 

/o' = Fo(Foi + Fi. + Fa. + Fa.) 

h' = YoYi , ; h" = YoY^t ; h" = YoY,. 
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Whence // : U - Yu : (Yoi + Yu + Y^t + Yu) 

I2" • /o •• • (?^ 0 I + Yu ? 2 < + Yst) 

1 / • /o' •• Yu • ( J^Ol + Yu + Y2t + Yzt) 


The geometrical construction for determining the currents 
//', I/, /a", is as follows— 

A vector polygon is constructed to represent the admittances 



Fig. 297. Graphical Method of Determining the FiCTrnous 
Currents foii a Three-phase Four- wire System 


F 2 <» ^ 3 ^ You (^01 + Yu + Yu + Yu ) ; the currents I^\ I^\ 
/a', are calculated ; their vector sum (Iq) is determined graphically, 
and upon the vector representing this quantity is constructed a 
polygon similar to the admittance vector polygon, the vector Iq' 
corresponding to the side of the latter which represents the quantity 
(Yqi + Yu + Yu + Yu). The currents //', I/, in the 

admittances Yu, Yu, Yu. are then represented by the sides of the 
current polygon which are similar to the sides representing the 
latter quantities in the admittance polygon. 

The geometrical construction in Fig. 297 refers to the worked 
example which follows. 
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Exampla. An unbalanced star-connected load of unity power factor — 
the branches of which have resistances of 1*0, 1*3, 1*85 ohms — is supplied 
from a symmetrical three-phase star -connected generator through a four-core 
cable 1000 yd. long. The cross sections of the cores are 0*25, 0*25, 0*25, 
0*125 sq. in., and the core of smallest cross section forms the neutral con- 
ductor. The impedance of each phase of the generator is 0*13/76® ohm. 
The no-load E.M.F. of the generator per phase is 240 V. and the phase 
rotation is counter-clockwise. Determine the currents and voltages at the 
load. 

The resistance of the cable connecting the load and generator is 0*1 
for the principal conductors and 0*2 O. for the neutral, the inductance being 
negligible in each case. 

Tlie impedance per phase of the generator is 
Zg == 0*13 cos 76® + j 0*13 sin 76® 

= 0 0314 + j01262 

The total impedances per phase arc therefore 

Zij = 0*0314 ^ j0 1262 -f 0 1 + 10 - 1 1314 + jO 1262 

- 0 0314 + j0 1262 -f 0*1 + 1 3 ^ 14314 + j0 1262 

Z^t = 0*0314 + j0 1262 4 01 + 1 85 - 1-9814 j01262 

and the impedance of the neutral wire is 
^0, = 0 2 + jO 

Whence the admittances per phase are 


Y 

1-1314 

0 1262 

= 0 872 -jO 0973 

^ n 

” 1*1314* 4- 0-1262* 

^ M314* + 0-1262* 

Yu 

1-4314 

1*4314* + 0*1262* 

0*1202 

^ i-43U“ -f 0 1262® 

0 693 -jO 0611 

Yu 

19814 

0-1262 

— 0’S02 - iO-032 

1*9814* + 0 1202* 

^ I MU® + b-1262* 


Yoi 

== 5*0 + jO 




Yit + 721 + ^3* + Yoi 7 067 -jO 1904 

1 7*007 . 0 1904 

Yit + Yzt + -I ' ^01 7*0672 + 0*19042 7 . 067 * 4- 0*1904* 

= 0*1412 4 - jO-0038 

Since the no-load phase E.M.Fs, are given by the expressions 

Ej = 240(1 4- iO), = 240(- 0 5 ^j0 866) - - 120-j208, 

= 240(- 054 - yO 300) = - 120 4- 208, 

the fictitious currents //, are 

/i' = = 240{0-872 - jO-0973) - 209-3 -j23 4 

/a' = = (- 720 -J208) (0-693 -jO-061 ) = - 95 9 - j 136-9 

/a' = i^uiYnt = (- 720 4- j208) (0 502 -jO-032) = - 53 5 +yi03 3 
Wlience /o' - // 4- 1% 4- /a' = ^2 2 -j52 
The fictitious currents /j", 1^", are now obtained thus 

“ uTuHYh + + r,t + ?..) 

= (59-9 -j52) {01412+30 0038) {0-872 -j0 0973) 

= 6-867 -}70B3 

h’ = hTuKYu + Y,t + Y,t + r.,) 

= {59-9 -jS2) {0-1412 + jO-0038) {0-693 - jO-061) 

= 5-565 -j$-4S8 

= h'Y„liYu + Yu + Yu + Yvi) 

- {59-9-352) {0-1412+30-0038) {0-502 -30-032) 
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Hence /j = 7/ - // 209-3 -j23-4 - (6-87 -^jJ-OS) = 202-4 -jlS-3S 

/j -- V (202-4* + 16-35*) = 203 A. 

h = /2' - A" = ~ 95 9 ^jl36-9 - (S-S6 -jS-46) - - 1015 -jl31-4 
I 2 - ^/(lOl-S* + 131-4*) - 166 A. 
h =- h'-h"' ^ -93-9 -ir jl08-3-(4-ll -j3-85) = -57 6^jll2-l 
73 = V(67*6* -f 112-1*) ^ 126 A. 

/o = -ill + A -f /a) = - [(202-4 16-35) + {- 101 5 ~jl31 4) 

+ (- 57-6 -f- j 112-1)] = - 43-5 + j35-6 
1^ == V(43-5* + 35-6*) = 66-2 A. 

Phase difference between 7, and ~ tan‘^ - 10-35/202-4 = - 6® 

7,.. 2?, = tan“^- 131-4/- 101-5 = -(180-52-3)® 

= -127-7® 

,, .. 23 El = tan-» 112-1 /- 57-6 = -(180 -f 62-8)® 

= - 242-8® 

7o El = tan-i 35-6/- 43-5 = - (180 + 39-3)® 

= -219-3® 

The pressures ai-ross the branches of the loatl are in phase with the 
respective currents, and their magnitudes are 

Vi = 1-0 X 1 1 = 203 V. 

Pj = 1-3 X 7^ = 215-8 V. 

P3 - 1-85 X 73 = 233 V. 

The pi-esHure drop in the neutral wire is 
l\ 0-2 X /o ~ 11-2 V. 

As a check on the above calculations wo may calculate the potential 
difference between the neutral points by means of equation (211), thus 

Yo = h'KYu + y^t + + Yoi) - (99-9 -j52) (0 1412 h j0 0038) 

= 8-58 -j7 -06 

Fo =- + 7-06*) = 11-12 V 

Phase difference between E^ and Vq = tan'* - 7-06/8-58 = - 39-5® 

These values are sufficiently close to the previous values for all practical 
purposes. 

It will be of interest to calculate the pressure drop in the principal line 
wires and the terminal pressure at the generator. 

Pressure drop in the “ outer ” line wires 

Fij =0-1x1,- 20-3 V. 

= 0-1 X 7, = 16-6 V. 

Fjj = 0-1 x 73 = 12-6 V. 

The pressures between the terminals of the generator and the neutral point 
of the load are 

F,^-o = 203 + 20-3 = 223-3 V. 

F.j^-o = 215-8 + 16-6 = 232-4 V 
F,^.o - 233 4- 12-6 = 245-6 V. 
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The generator terminal presBures per phase (i.e. the pressure between the 
termin£^ of the generator and the neutral point of the generator) are 

Vj « ^ = {240 + jO) - (202 4 -jl6-36) {0 0314 + j01262) 

= 23VS^j2S4 

= v'(231-6> + 26-4*) = 232-9 V. 

= {-120-j208)- {-101‘S-jl3V4){00314+j01262) 
^-133 4-jl91 

Fj, = V(133-4* + 191*) = 233 V. 

Fin = ^in-hZg = {-120+ j208)-^{-67-6+jll2 1){00314+J0 1262) 
= - 104 + >211 7 

Fill = V(104* + 211-7*) = 236-9 V. 

The line voltages at the terminals of the generator are 

F,,i-i = Fi - Fii = 231-6 ->25-4 - (- 133-4 ->101 ) = 366 + >165-6 
Vgi-9 = \/(365* -I- 165-6*) = 401 V. 

F^2-8 = F„ - F„, - - 133-4 ->101) - (- 104 4- >211-7) = - 20-4 -^-402-7 
^1,2-3= V(29-4* + 402-7*) = 403-5 V. 

F,3-i = F„,-Fi = - 104 +>211-7- (231-6 ->25-4- == -335-6 +>237 
^„3-i = V(335-6* + 237*) = 411 V. 
and the line voltages at the load are 

Fi-« == Fi “ Ft 202-4 ->16 4 - (- 132 ->170-3) = 334-4 + >154 4 
Fj., = V(334-4« + 164-4*) = 368-6 V. 

Ft-I = Fa - Fs = “ ^32 ->170 3- (- 106-5 + >207 3) = - 25-5 ->373 
Fj_, =- V(25-6* + 378*) == 379 V. 

F.-i - Fa “ Fi = - 106 S +j207 3^ {202 4 -jl6-4) - -303-0+ >223-7 
Fj-i v'(308-9* + 223-7*) = 381-5 V. 

[Note. In this example the resistcuices of the line wires have been chosen 
much higher than the values which would be adopted in practice. ] 
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APPUCATION OF KIBCHHOFF’S LAWS TO THREE- 
PHASE cmcuiTs 

Kirchhoff’s laws enable analytical solutions to be obtained for 
any electric network, whether it is supplied from a direct-current 
system or an alternating-current (single-phase or polyphase) system. 
The laws may be stated thus — 

1. At ^very junction of two or more branches of an electric 
circuit the algebraic sum of all currents is zero, i.e. the sum of the 
currents flowing towards the junction must equal the sum of the 
currents flowing away from the junction. 

For example, if at a junction of five conductors in a direct-current 
network, the currents /j, / 2 > three of the conductors flow 

towards the junction and the currents in the other two 

conductors flow away from the junction, then 

A + -^2 "t" -^3 — = 

or li 12 + = + ly 

2. In every closed electric circuit carrying a current the algebraic 
sum of all E.M.Fs. taken in order round the circuit is zero, i.e. the 
E.M.Fs. due to the (nirrent — viz. the induced E.M.Fs, due to self, 
or mutual, inductance and the potential drop due to resistance, 
etc, — must balance the impressed E.M.F. (or the E.M.F. generated, 
or induced, in the circuit by external means). 

For example, in a direct-current circuit of resistance, Zi, 

S (F - Zi2) = 0, or F = S (J? + IB), 
where F denotes the impressed E.M.F. ; E, the internal generated or 
induced E.M.F. ; and Z, the current. 

These laws may be called the generalized laws of electric circuits, 
as by their application the currents and voltages in any network can 
be determined. But with complicated networks the equations con- 
necting the currents and voltages may become so numerous that 
much tedious algebraic work is involved in their solution. 

Conditions to be Observed in the Application of Eirchi^iofrs Laws 
to A.C, Circuits. In applying these laws to A.C. circuits we may 
consider either the instantaneous values of the E.M.Fs. and currents 
or the R.M.S. values of these quantities. When dealing with instan- 
taneous values only the magnitudes and directions of the E.M.Fs. 
and currents need be considered. The calculations, therefore, 
are carried out by ordinary algebraic methods. 

476 
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But when R.M.S. values are employed the relative phase differ- 
ences of the currents and E.M.Fs. must be considered as well as 
their magnitudes. Hence, in this case, the calculations must be 
carried out by the symbolic method, as we arc dealing with complex 
quantities. 

The method of calculaiion in the case of complex circuits or 
networks is as follows — 

The complex circuit is reduced to a nunibc^r of closed circuits, 
or meshtis, in each of which a current is assumed to circulate in a 
definite direction independently of the currents in the adjacent 
meshes. The E.M.Fs. in each mesh are then calculateid and are 
equated to zero in accordance with Kirehhoff’s second law, the 
number of equations so obtained being equal to the number 
of meshes. The values of the fictitious circulating currents are then 
obtained by solving these equations, and when these currents are 
known, the currents in, and the pottmtial difference across, all parts 
of the network may easily be obtained. 

The process of obtaining the general equations for the meshes 
is quite simple, but the reduction of these equations to obtain the 
equations for the several currents is usually (complicated when the 
number of separate currents exceeds three. 

In order to illustrate the method of procedure, we shall consider 
a number of cases. 

Calculation of Currents in a Three-phase, Three-wire System with 
Star-connected Generator and Load. Let the no-load phase E.M.Fs. 



Fig. 298 . Circuit Diagram tor Stau/Star THRisw-rHASE System 

of the generator be denoted by E^, E^^^ ; the line currents by 

In 1 2 * ^3 » total impedances per phase (i.e. the sum of the 

impedances per phase of the generator, load, and connecting line 
wire) by Zg^. Then the system is equivalent to three 

meshes (Fig. 298), in which the externally-procluced E.M.Fs. are 
E^ - ; and the fictitious circulating currents 

are /*, /«, 
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Hence the general E.M.F, equations for the meshes are — 

- (h - h)Zu - (h - ly)Z2t - = 0 

■^11 “ ify^l x)?2t ~ (J I z)?zt ~ ^iii ■“ ^ 

-^iii "■ (/a “ /v)^3< - (/* - Ix)^u - “0 

Since - I ^ I y - Z.^, - Ty = the preceding 

equations may be written in the form 

“^11 • • • M 

l2?'2i ~ = ¥ij ~ ?iu • • • (P) 

~ + J ^111 ~ * • • (y ) 

Applying Kirchhoff’s first law to the neutral point of the generator 
we have 

Ii I2 Iz — ^ • • • • • * (^) 

The expressions for the line t^urnmts may be readily obtained 
from these four (equations. For example, to obtain /i, eliminate 
Zg and Z3 from equations (a), (y), ((5), thus 

l?2t f2 “ (?\‘^ ?n) 14^21 • • • (ot ) 

hZulZ,t -h (E,-E,,,)IZ,, . . . (/) 

/i 4/2'I/3--0 . . . . (($') 


Adding, we have 


/ Z.A E-E,, 

A (1 I ^ 

IZ 4- J-+ M 

U. ^2. -Za, 


Whence 




,, y» 7a^( ^, - &\„) 

+ J^2« + ?3< + )^2( f ?^3« 

E,-E„ E,-E„, 

+ ■Zjt + ZltZ^tjEst ^31 + ?3l^u/^2t 


(212) 

{212a) 


Similarly, 


h = 


y^t + Y,, + 


Y,J,,(E„-E,) 

Yit ^ 2« + Yst 


Eu-Em 


?tl ^3i "1“ ■?'2<'?3< /■?!« 


■<^1C^2< l^3t 


■ (213) 
. (213a) 


and 



478 


ALTERNATING CURRENTS 


h 


E,) YME,„-E„) 

Yu + Yu + Yu Yu + Yu + Yu 


(214) 




+ 




?Zt + ^2t + ?3t + ?2t?3tl?U 


(214a) 


These are the general equations for the line currents. 

With symmetrical systems, however, the equations can be 
expressed in simpler form. Thus, if the phase rotation is counter- 
clockwise and the magnitude of the no-load E.M.F. of each phase is 
denoted by Ey then 

E^ = EJ^y = ^J-120/eo^ ^ 


E, - - E{J^ - J 120/00) 

E^ - = E{J^ - J-240/90) ^ _ ,7-240/90) 

= JS;(J-120/90 _ J.240/90) 


When these expressions are substitutt'd in t^quation (212) we 
have, upon re-arrangement, 


/i = y T - ^ - T - F ' YuO-J-^^'^n + Yu(i 

t It ~r i 2t I / 3< 


Yu 


= Y -j: y ^ r Y,,j ^01^0) 

i It 'T / 2« “T 4 3t 

Introducing the quantity into the right-hand side, and noting 
that t/® = 1, we have 


/i = 


Yu 


Yu + Yu + 7, 


£!(Yu -{-Yu+Yu-iYuJ'^ 




- EY,,^1 y,, + F, + r,, ) ■ • (21^) 

Similarly when substitutions are made in equation (213) for 
E^y j&jj, and E^^^y we have, upon re-arrangement, 

= y , y"' , y J 

• *' -I- 
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Introducing the quantity 

h = v T fi ' j : Y 

■f It 'T ■# 8« "T 4 at 

= Y T r"‘ - t -r- + Yat + Yat) 

•f It I i 2t 1“ -f 

- (YuJ'' + Ya,J-^^'‘l'‘^ + YatJ-^''l*'')\ 


' )(2136) 


120/90 _ 

Yit + Yat + Yat 
Similarly, equation (89) finally reduces to 

/ Y /O 20/90 I y 7-240/90 \ 

/3 EY,, j . (2146) 

These equations may be n^adily evaluated when Yu, Yat, Yat are 
known, since for counter-clockwise phase rotation = 1 jO — 1 ; 
j-120/90 = cos - 120° - j sin - 120° = - 0 5 - jO 866 ; J-^^o/oo 
= cos - 240° sin 240° = - 0*5 j 0-866, 

Whence 

. /. Yu+ Yat{-0-5-j0-866)+Y^,{-0S+j0-866)\ 

7„+7, + Yat ) 


I., = El\, {^0 5- jO-866 

Yu + Yat (-0 S-j0-866)+Y,, (-0 5 +j0-866)\ 
Yu H- ^8. + ^3, ■ 

/3= feTa. [-O S+jO-866 


(212c) 


j . (213c) 


Y u + 78. (-0 S-j0 866) + Y^,{-0 S+j0-86 6)'^ 

To 


“i" i 2t 1“ f 31 


/ 


The difference of jiotential (Fq) between the neutral points of 
generator and load is given by 

Vo ~ I i?u ^ ^u~ l 2 ?' 2 t = ?\\i - 

Hence, 

/ -f + To,./ 240/90\ 

Fo =- EJ^ ^ L I IJ^- ' ^ -r- • 2t -r . 31 




J^i« + Yat ?^8< 
7„J® + 73,. /-«»'«»+ 7-3, 


• ( 216 ) 


y + 7*, + 7,, /" 

_ ^ ( r., + y..(- o V 

V / 11 + / 21 + f 31 / 
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With syrainetrical systems and clockwise phase rotation, we 
have 

E^ == EJ^, E^^ = E^,^ -r ^V24o/»o 

= E{J^ - J120/90) ^ ^;(J _ J120/90) 

-= J240/90) ^ _ J240/90) 

- ^in - J240/90) 

When these expressions are substituUid in equations (212), (2! 3), 
(214), we have, upon final re-arrangement and reduction, 

-^r^rrTVT., — ) ■ ■ 

( F /<> -4^ F /120/90 ! y / 2 io/uo\ 

— ) . ( 214 , /) 

In the present case, «/ ^ 20/90 120"" -|- j sin 120'^ — - 0 5 

+ j0 see ; J240/90 240° + j sin 240° = - 0-5 - jO 866. 

Whence 

, ^ ,,v /, r„ + r-j-o-s+pMe) i-y,A~os-jo-86e)\ 

^ 

. (2120 

ATj, (-0-5+i0-S66 

+ r«{-0-S +j0 866) f y3,{-0-5-i0-S66)\ 

7i< f 

i^0-5-j0-866 

\ j0 866) ( y3,(-0-5-j0-S66)\ 

+ ~) 

and the potential difference ixitwi'en the neutral points of generator 
and load is given by 


(213r) 


{214e) 


Vo = A’ 


, fYu YY^O-S +j0 866) YYoii-0-5-jO-866Y 


Yu + r^t + r.t 


(2156) 


Calculation of Currents in a Star-connected Load Supplied from a 
Large Three-phase System. The system to which the load is con- 
nected is assumed to be so large that the line voltages are unaffected 
by any unbalancing of the loads. 
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The equations (212), (213), (214) deduced for the preceding case 
are therefore applicable to the present case if the line voltages are 
substituted for the differences between the phase E.M.Fs. 

Thus 


Yi 


/x = FTTI^T; ^ - ,) 


Fi + F* + } 

F_ 

h = 


r (J zY 2 - 3 ~ J iFl - 2) • 


. (216) 
. (217) 


3 — Tj -f 7 ^ + ^3 ‘ ^ Y2V2-3) • • • (218) 

If we wish to calculate with impedances instead of admittances, 
then 


Fi-a 

Fa-1 

")■ ^2 “) -^ 1 ^ 2 /^a 

Z, -) Z,-i Z^Z,IZ^ 

Fa -a 

Fi-a 

^2 ?2 ~7 ^aFa / ?i 

“i- ‘?2 f ^ 1 ^ 2 /^Z 

Fa-1 

1 

CO 

Z, + Z, + M.JZ, 

iJ, + Z3 + Z,Z,IZ, 


. (216fl) 

. (217u) 
. (218a) 


With a symmetrical system and counter-clockwise phases rotation 
Fi.a = FJ« ; F., 3 = FJ ' 20/90 . _ 7 j. 24 o/ 9 o 

Under these conditions, wc have 

== ^ fr^TJTTT, 

= V ( t - ?^a(- o s 4 jo ses) { ) 

. (216c) 

/a = r I ^ (Fa-/ - F.^*) j . • (2176) 

= ^ r, i Y,{- 0-5 -jO-866)- 7,(1 H j0)|) 

. (217c) 

^ 1 77 + Fa + Y, ^ - Fa-/ j ' • (2186) 

- V ll +T, \yii-0S+.iO-866)~Y^(~O-5 

-j0 866) I ^ . (218c) 


32-(T.5245> 
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or, alternatively, 


/.= FI 

( t+jO 

- O S + j0 866 


+ ^1 + ^3^1 l?2 


/ -0 5-j0 866 

1 -f- jO 

\?i + ^3 "F 

■^l + "t" •?1^2/^3 

h- V 

/ -0 5 + j0 866 

- O S -j0 866 

\^3 + 

? 2? 3 1^1 


(216rf) 

(217rf) 

( 2 ) 8 ( 2 ) 


Example. Tlie diagram (Fig. 299a) represents a star-connected unbalanced 
load which is connected to a three-phase system having sinusoidal E.M.Fs. 



the phase relations between the E.M.Fs. being indicated in the diagram. 
Determine the current in the condenser branch OA. (L. U. ) 

[Note. The reactance of the condenser branch OA is 5/- 90® dims, 
and the impedances of the other branches, OB, OC, are 22 /60® ohms, and 
1 7 /30® ohms respectively. ] 

Denoting the terminals C, A, B, of the load by the numerals 1, 2, 3, 
respectively, we liave, for the impedances of the branches, 

= 17/30® = 17{cos 30® + j sin 30®) - 14-74 -f j8‘5 
Z, =r 6/-^0® =. 5(cos-90® +;8in-90®) = 0-j5 
Z, = 22/60® :== 22(coa 60® 4-; sin 60®) = Jfl + jl9 06 
Whence Z^Za/Z, = (17 x 5/22)J(>»'»o-««>/»» = 3-86J'“«/»o 

= 3-86(-0-5- 0-866) ' 

- -l-93-j3-35 
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= (5 X 22 / 17 )jrf-*®+ 

= 0-47 (O- 5 >yO « 00 ) 
= 3-235 --jS-6 

-|- + Z^Z^jZ^ — 12-81 -|- jO-lS 

Z, + Z, 4- Z^?JZ^ - 14*23 +j8-46 
Hence, from equation (217d), wo have 

-0 5-j0-866 1 + jO 




IzJ 


qj5 \ 

o-i5»y 


•l- Zz + ^2^8/Z, Zi 4 z., -h Z\ZjZ^ 

• _ OOA /( - -iO*S65) (14*23 - j8-46) 12 81 ~j0 1S 

14*23* 4 8*46*" 

= ~ 28-78 -j6-3 

Whence/, - V(28-78* 4 0*3*) = 29*46 A. 

Phase difference between and potential difference (Fi- 2 ) between lines 
1 and 2 = tan' 6*3/ - 28*78 --- -(180-12*4)° = -167*6°. 

As an extension of the problem, it will be of interest to calculate 
the currents in the other branches and th(i potential difference 
across each branch, and to draw a vector diagram for tiie circuit. 
First, the quantity Z3 + -f is evaluated, thus 

Z3Z1 /Z2 = (17 X 22 /5) J(3« + «« + == 74-8 

= 74-8(- 1 +j0) 

*?3 + -^1 1^2 = -^9 -)- j27-55 

From equation (216d) we have, for the current in the inductive 
branch 0(7, 

1+jO -0 5 

+ Z,^~Z,ZJZ^ z. 

12 81 - j015 {- 0 5 + j0 866) (- 49 4 j27-55)\ 

492 + 27-555i ) 


h -- y 




0 5 4 30 866 \ 

“b /^2 / 


= 220 ^ 


12*812 0.152 

13 85 4 jt 794 


Whence 


7^ = ^(13-852 + 1*7942) = 13.96 A. 

Phase difference between and F2-2 fan'^ 1*794 /13-85 = 7*4° 
Also from equation (21 8d) the current in the inductive branch 
OB is given by 


■=*'(? 

= 220 ^ 


- 0 5 + j0 866 


- 0 5 - jO 866 


z) 


(- 0 5 + jO-866) (- 49 -j27-5S) 

4S)“ + 27-56* 

(-0 5-j0-866) (14-23 -j8’46)\ 


14-23* + 8-46* 


V 


= 14 94 4 j4-5 
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Whence 

/3 == ^(14-942 + 4-5-^) = 15-6 A. 

Phase difference between and is tan'^ 4-5 /14-94 = 16-8°. 

The potential difference across the branch OA is given by 

F 2-0 = = (- 28 ^8 ^j6‘3) (0 -i5) = -315+ jl44 

Whence 

Fj-o = V(31-52 + 144) = 147-6 V. 

Phase difference betw'een F 1-2 ^'iid Fg-o is 

tani 144/- 31-5 = (180-77-6)° = 102-4° 

The potential difference across the branch OC is given by 

Fi-o= +jl‘794) (14 74 + jSS) = 188 8+jl44 

Whence 

^ 1-0 = a/(188-82 -f- 1442) ^ 237 V. 

Phase difference between 2 and ^ is tau'^ 144 /1 88-8 37-4°. 

The potential difference across the branch OB is giv(»n by 

F3-o= JzZ, = («-94 + j4-5) (11 +jl9 06) = 78 7 + j334 5 
Whence 

F3.0 = v/(78-72 + 334-52) = 344 V. 

Phase difference between Fi-gand F 3-0 is tair^ 334-5/78-7 = 76-8°. 

Check calculations for those potential differences are as follow — 

Fg-o = I 2 Z 2 = 29-46 X 5 -- 147-3 V. 

Fj 0 = X 17 = 237 V. 

F 3 0 == hZ^ = 15-6 X 22 = 344 V. 

F 2 o(=-^ F 1 - 2 ) = (^S8S +ji44)-(-3V5 + jl44) 

= 220 3 + jO 

F 2 - 0 - F3-o(--- F 2 - 3 ) - (-51-5 +jl44)- (78-7 +j334‘5) 

= -lia2-jl90 5 

F 3-0 - Fi-o(= Fa 1 ) - (7S-7 + 334 5) - (188 8 + j 144) 

= -1101 +jl90 5 

The vector diagram for the load circuit is given in Fig. 2996, in 
which the line voltages are represented by the vectors OV^. 2 t 
OV 2 2 y fhe voltages across the branches of the load by 

OFg-o, and the line currents by Ol^y Ol^y 01 3 . 

If the line- voltage vectors are drawn in the form of a triangle, 
as in Fig. 299c, and the vectors representing the voltages across 
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the branches of the load are so drawn from the corners of this 
triangle as to meet in a common point, Oj, then this point represents 
the potential of the neutral point of the load. Moreover, since the 
point, 0 (which is the centre of gravity of the line-voltage vector 
triangle) represents the potential of the neutral point of the supply 
system (which, according to the circuit diagram (Fig. 299a), is 
symmetrical), the potential difference between the two neutral 
points is given by 

Yo = Fi-o“ F'l-o = (188-8 +jl44)- (0-866 -j0-$)220/V^ 

= 78-7 -f 5 

where F'i-o[= (0-866 - jO- 5)220 jy/Z] denotes the potential differ- 
ence between line 1 and the neutral point of the supply system. 

Whence 

= ^(IH-V + 207-52) = 221-5 V. 

Calculation of Currents in Three-phase, Three-wire System with 
Delta-connected Generator and Star-connected Load. Let the no- 



Fia. 300. CmcuiT Diagram for Delta/Star THREE-rHASE 
System 

load phase E.M.Fs. of the generator be denoted by E^, E^^, ; the 

phase currents by /j, /„, ; the corresponding line currents by 

/j, /g, /a ; and the impedances of the load, connecting line wires 
and generator, by Zj, Z^, Z^g, etc. The delta-star system is then 
equivalent to four meshes (Fig. 300), of which one mesh is formed 
by the delta-connected generator, and three meshes by the inter- 
connected phases of the load, the line wires, and the phases of the 
generator. Let the fictitious circulating currents in these meshes 

be denoted by /a, lyy 

Then the E.M.F. equations for the meshes are 

- -j- E^^ -f- - (/«; -f- (/w "H ^v)?2o~' lz)^90 

= 0 .... (a) 
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- (/. -f - (h - / J (^1 + - (/. - ly) (Z, + Z,,) 

- 0 , (P) 

“ (/w + / w)?2p** (/|/~/x) (^2 + '?2l) ” ily-lz) (-?3 “I" -^Sl) 

= 0 . . . . (y) 

- (/» + “ (/* - Iv) (^3 + - (/* “ h) (^1 + 

= 0 . . . .(d) 

Now -f- I , /jp -j- Tp = J l\ * f U) ~f~ ft /^III * 

f t~~ I V ^ ^ /ill ~ /r 

Substituting these values in the above equations, we qbtain a 
set of equations containing the phase currents, as the 

unknown quantities. Thus 

?t + “ /i^ii; “ fti? 2 g “ /iii^sa = 0 . . (a') 

?i - fi(Zu + Zi 4- Zyi 4- Zg + Zgi) 

+ /n(^2 + ?2i) • (P) 

?U + fl(?2 + ^2l) - /ll {^217 + ^3 + ^21 

+ + ^3l) + /m(-?3 + -?3|) = ^* • (/) 

^111+ lA^l + + /ll(^3 + Z^l) 

“ fllli^Sg + ^3 + ^31 + ?1 + ?ll) ^ ^ • (<5') 

The solution to these equations is easily obtained by rntians of 
determinants. 

Note to the Solution of Simultaneous Equations by Determinants. If we 

liave three simultaneous equations, each of which contains throe unknown 
qiiantitioB, a;, i/, 2 , and if the equations are cxj^iressed in the form 
a^x -f- b^y + CjZ + dj = 0 
4- bjy 4- CjZ + d, = 0 
+ b^y + Cjz + d, ^ 0 
the solution is given by 

a; = - iDJD) ; y -= DJD ; 2 - - {DJD). 

whore I>i, Dj, /^g, Z> denote the following determinants of the third order — 



di6iCi 


diOjOi 

D.= 

dgbgCg 

• />2 = 

dgOgOg 


dgbgCg 


dgOgCa 


djOi6i 


1 O161C, 

X).=. 

da® 8^8 

D = 

026302 




036303 


Now ™ ~ bgCg ) 4* — ^ 8 ^ 2 ) 4~ ~ dgftg) 

Dg = dj(o2C3 “ ^ 8 ^ 2 ) + fliicjdg — 4“ ^iCdgOs “ dgOg) 

= dj (Og6g ~ ttgbg ) + a](&2ds ~ bgdg) 4“ (dgOg — dgOj ) 

D = 01 ( 6203 - 6302 ) + 61 ( 0203 - OgOg) + Ci(o263- 0362 ) 
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Alternatively, a solution may be obtained by ordinary algebra 
by substituting for, say, in terms of /„ and in two of the 
equations and solving these, as ordinary simultaneous equations, 
for /jj and /jjj. /j is then obtained by substituting for /„ and 
in one of the original equations. This process, however, usually 
involves more labour than the solution by determinants. 

Substituting Zg/, for the quantities (Z^ + (Z^+Z^i), 

(Zg + Zgi), respectively, in the equations (jff'), (y'), (d') for the 
delta-star circuit, and assuming the generator impedances to have 
equal values, g, we obtain* 

~ fli^O + ^li + ^2t) + 

+ =0 . . . (P") 

+ /,^2/ -/„(Z, + Zg/+Z3/)+/,„Zg/ 

+ ^„=o . . . (/') 

•I' /i?i/ + 

+ = 0 .... (d") 


The determinants to these equations are — 




+ ^2t + ?'li 

" (^a + ^2/ + ^ 3 /)+ 

E,,, + z,: - (z, -f Zg/ + z,n 


D, 


== E, [(Z, + Z,/ + Zg/) (Z, + Zg/ + Z,/) - Zg/2] 

+ ?2e ' + E^^{Zg H- Zg/ + Zj^')] 

+ + ■®,„(Zp + Z^t + ^ 3 /)] 

— (-^1 + “^ii + -^ni) + ^2t^3t + ^3/-?!/) 

+ + 2^3/) + + - 5 'iii) + ^2 i{?\ + ^^’n)] 

E, - (Zg -h Z,/ + Zg/) + Zi/ 

^II + ^2/ + ?'3t 

A\„ + V -(Z,-f v+ V) 


= E, \- Zg/(Z, + Zg/ -F Zi/) - Z 1 /Z 3 / ] 

- (Ef, + Z-^t + 

= “ ^ (-^1 + -f A^in) + -?2/?3< + 

+ ?g[Eji{Zg + 2Zj/) + -1~ £*,) -f Z^tiEii + +]| 


' * Since equation (a'), p. 486, repreaents the sum of equations {fi'), (y'), ((5'). 
its further consideration is unnecessary for the solution by determinants. 
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I'll “1 ?‘2i “ (?‘g + ?‘2t + ?3/) 

I'm ^ + ^3/ 


=^E,[Z,^Z,,’ + + V + -^3/)] 

“ {-^ 1 / + ^1/ + ^^i)[ - (^9 + ^2/ + -? 3 /)^'ni ~ l'3/l'n] 

+ ^2/ ] 

== (I'l + l^ir + 1 ^ 1 , 1 ) (^It? 2 t + ^2/^3/ + ^3/^1/) 

+ + ^?2t) + ^3t(?iu + I'll) + ^l/d'lll I" I'l)] 



"■ (-?(; + + ^ 2 t') + ? 2 t + ?U *' 

■(" ? 2 t ~ i^O + ? 2 /~f~'^ 3 /)~h ^ 3 t 

-\- ^\t + -^3/ - (^ir+'^aZ+^l/) 


=.• -(Z,+ Z2/)[(^,-i-Z2/+Z3/) (Z,-| Z3/ f Zj/) ~ Z3/2] 

+ ^2/1^3/^u' + (^‘g + ^3/ ^■ -?l/) ^2/] 

+ Z,/fZ 2 /^ 3 / + + ^2/ + ^3/)] 

-■ - + 2 Z,(Zi/ -f- V + ^3/)] 

+ ^(Zi/Zj/ -|- Z2/Z3/ + Zg/Z^/)! 

Hence /, = - (D^ /D), /„ ^ ^ - P3//)). 

In the case of a symmetrical system the expressions for the deter- 
minants may be considerably simplified, since E^ -|- + lin ^ i 

+ -^11 = “ ^iii ! ^’11 ^■ ^’iii = - ^’1 : ^’iii + = - -^’ii- Thus 

D, = Z, [£, (Z, + 2 V) - A’„ Zu - E„,Z,/] 

D, = -Z, [£.. (Z, + 2 Z„') - - E, Z3/] 

•^3 ?i> [?uiiZi, + 2Z2/) - Ej Z^t' - Zi('] 


Whence 

j i^s 4 ~ ^Z^i') — Z^( — EjjjZ2i 

• - - ZJ^;h-21Zi/+Z«'+Z3,;)]+ 3{Zj,'Z2/+Z2/Z3,H z ,/ z ^/) 


. ( 219 ) 


^11 (^a ~l~ ^^it) ~ ^uiZjt ~ ?at 


?e [•?'k + 2 (^uH- 22 ('-|-Z 3 (')] + 3 (Zj/Z 3 / + Z 2 /Z 3 / + Z 3 ('Zi(') 


. ( 220 ) 


A’„,(Z, + 2 Z 3 /)-£. Z,/-E„Z,/ 


■?» [■?» + 2 (Zj(' + '?'s/ + ^ 3 /)]+ 3 (Zj/Z 3 / + Z 3 ,'Zj,'+Z 3 ,'Z„') 


. ( 221 ) 
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The line currents 1-^, / 2 > Q-re readily obtained from the phase 

currents, since = 7, - = /„ - /g = 

In the special case when the system is symmetrical and the 
impedances of the branches of the load and the connecting line 
wires have the same value, Z/, equations (219 to 221 ) reduce to 
+ 3Z/) 

• ■ Z,{Z, + QZ/) + 9Z,'» 

, E.AZ, + 3Z,') 

• " "" Z,(Z, + 6Z,') + 92/2 {220a) 

, E,,AZ, + 32,') 

• 2,(2, + 62,') + 92, '2 

Again, if the impedance of the generator is ignored and the 
no-load phase E.M.Fs. are replaced by the potential differences 
2 » ^ 2 - 3 j ^ 3-1 between the terminals of the generator, we have 



3Fis Zt' 

II 


/l •■= 

92, '2 

. (2196) 



Fs-3 


III = 

92, '2 

~ 32,' • 

. (2206) 


SV,tZ/ 

9Z/2 

F,i 

32,' • 

. (2216) 


Numerically, if the terminal pressure of the generator is F, the 
current (per phase) in the generator is given by 

= F/3Z/, 

and the line (or load) current is given by 


1 == /^,^^3=(F/V3)/Z/. 

Calculation of Currents in Three-phase, Three-wire System in 
which Both Generator and Load are Delta-connected. This system 
may be considered as a network 
containing five meshes (Fig. 301), 
and accordingly five E.M.F. equa- 
tions may be formed. Instead of 
assuming fictitious currents in 
each of the meshes, as hitherto, 
it will be more convenient in the 
present case to consider, as far as 
possible, the actual currents in the Delta/Dklta Thkeb*phase System 
conductors forming the meshes, 

and obtain the E.M.F. equations for these conditions. By these 
means the number of unknown quantities in the equations are 
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reduced and expressions are obtained directly for the actual 
currents. 

For example, if the generator currents are denoted by Jj, /„, 
the currents in the line wires will be given by /j - /„,, /„ - /j, 
/„! - and the currents in the branches of the load by (/j 
(/„ - /, + Jv)t (Ijit “ fii + is the assumed fictitious 

current circulating in the load mesh. 


The 

j five E.M.F. equations for the 

network are 


< 


- /. 


/ill + /t;)^l 






+ (/ii “■/i)-?2I 

= 0 . 

(«) 


- 

?'2g “ (/il ” / 1 )?'2l ” (Iu~ 

/l + /v)-?2 






+ (/lH"/ll)^3i 

= 0 . 

m 

?,u 

- 

\?‘za ~~ (/hi “ ~~ (/ill 

- /ll + /r)-?3 






+ (/l ~ f 111)^11 

== 0 . 

iy) 



1 + ^III - /ll^2ff - 

/lil^Str ~ ^ 

. 

(< 5 ) 


(/. 

" /m /v)^i + (/ii “ / 

r + /v)^2 + (/hi 

.-/h 





H“ /r)-?3 

=: 0 . 

(£) 

which 

, when re-arranged, give 






~ + ^i/+ 

?2i) + fn?2i 






-IvZ, 

= 

0 (a') 



+ 

-fu(Z2g -f 

^2/+ ^ 

?3l) 



+ / ni^si 

“ /r?2 

= 

0 (/?') 



^iii + 

+ /h?3/ 





- Jin{?30 + 

“ /v^3 

= 

0 iy') 



-fu^2g 





- /lll^bJ 


= 

0 (< 5 ') 



fli?i + ^ 2 ) 

+ /h(?2 + 

?z) 




+ /lIl(-^3 + '?'l) 

+ /t;(^l + '?2 

■f''?3) = 

0 (6') 

From equation (e') we obtain in 

terms of /p /„, . 

^!P 

?i’ ^3’ 

thus* 







T 


) + /„,(Z3-Zi) 


(e"\ 


U — 

^1 + "t~ 



) 


Observe that 1 ^ = 0 when Zj =« Z, Z,. 
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and if this value be substituted in equations (a'), 0' ), (y'), we 
have then only three unknown quantities Thus 

+ >••• 




"f’ ‘^2/ "b + 


" ^3) 


k) 


+ /n. (^3. + 2^7+i;) + ® 

+ ifz, ?k) 

/ Z.(Zs-Z,) \ 

- /in [■^3» + ^3< + + Z^ + Zi + zj ® 


(a”) 


(jS”) 


(y") 


These equations may be solved in a similar manner to those of 
the preceding section, but in view of the number of terms in each 
of the coefficients it is desirable to evaluate these before the general 
solution is attempted. For this reason no general expressions are 
given here for the generator phase currents /p /„, 

When the generator phase currents have been determined, the 
fictitious current, circulating in the load is calculated by means 
of equation (e"), and the actual load currents are then readily 
determined, since 

/i == /i “ /hi + /v J A == /ii "" /i + /v » /a == /ill "■ /ii +/» 

Calculation of Currents in Three-phase, Four-wire System (i.e. 
Three-phase, Star-connected System with Neutral Wire). This 
system may be considered as a network containing three meshes 
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(Fig. 302), and accordingly three E.M.F. equations may be formed. 
Adopting the same symbols as in the previous cases, and denoting 
the line currents by /j, /g, /g, /q, and the impedance of the neutral 
wire by Zqi, we have 

- h(?io + + ^i) “ (/i + /2 + 0 . (a) 

^ii ~ hi{?'2a + + '? 2 ) - (l\ + /2 + = 0 . (P) 

^IIJ- f* “f" -?3) “ (/l + /2 + /3)^0Z ^ • (y) 

Applying Kirchhoff ’s first law to the neutral point of the generator, 
we have 

/i + /2 + /a + /o = 0 

whence /o = ” (/i + J 2 + /a) 

Re-arranging terms and replacing the quantities (Z^g Zj^i + Zj), 



Fig. 302. Cikcuit Diagram for TiiiiKjs-rHABE Four-wire 
System 


{? 2 g 4- ^21 4“ ^2)* (^31/ 4- Z^i 4- Z^) by the quantities Zg^, Z3,, 
respectively, we have 

/ li^it Zqi) “/3-?oi 4-^1 -—0 . (a) 

-hZ, -/g(Zg,+Zo,)-./3-?oi +^^=-0 . (^') 

“ /l^Oi ~ ^ 2^01 “ /3(^3«4 ■^0t)4“^III~ 0 . (y ) 




The solution to these equations is easily obtained by determinants. 
The expr(‘Ssions for the line cqrrents are 

-}- {E^- E^^j)ZQiZ2t 4- 

4 " 4 " Z^tZ^i + Z^^Z^t) 

J 4- (^u - E^)ZqiZ^^ + (j^Ti - 

?'lt?'2t?‘zt + 4“ ^2I^3< 4" Z^^Z-^f) 

4- (Ejjj- Ej^)ZQiZ^t -f {E^jj- E^)ZQiZ2t 
?lt?2t?st 4~ ^0l(^l<^2< 4" ?2«^3< 4“ Z^tZ^) 

/o ~ “ (/i 4“ A 4“ /a) • 


/a = 


( 222 ) 

(223) 

(224) 


(225) 
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Example. Calculate the line currents in a three-phase, four-wire system 
in which the branches of the load have resistances of 1*0, 1*3, and 1*85 ohms, 
the power -factor of all branches being unity. The load is supplied from a 
symmetrical three-phase star-connected generator through a four-core cable, 
the resistances of the principal conductors being 0*1 O., and the resistance of 
the neutral conductor being 0*2 O. The no-load E.M.F. of the generator 
per phase is 240 V. ; the phase rotation is counter-clockwise, and the imped- 
ance per phase is 0-13/76° ohm. 

[Not£. a full solution to this problem, by a method which does not 
involve the application of Kirchhoff’s laws, has been given on pp. 472-474. 
Tile present solution will be obtained by the application of the equations 
deduced above.] 

From the data of the example on p. 270 we have 

- 113t4 + j0 1262, Z,j = 14314 + j0 1262, 

Z3, = 19814 + j0 1262, Zoi = 0 2 + jO 

- 240 -f jO, = - 120 -j208, = - 120 + j208 

Hence, - 360 -j208^ «= 360 + j208 

= - 360 -j208, = 0 -j416 

= - 360 -f j208. = 0 + j416 

= {^‘^314 jO 1262) (14314 f j0 1262) = V606 +>0 324 

= (t 4314 + jO 1262) (19814 ^ j0 1262) - 2 824 ^ jO-4313 

= {i'9814 + j01262) (1 1314 +j01262) = 2 226-\^j0-3934 

+ Z,^,^ -f ZsjZi^ - 6 656 + jl 1487 

ZoiZii = 0 2(11314 + j0 1262) = 0 2263 ^ jO 02524 

ZoiZit =- 0 2(14314 4- j01262) - 0 2863 + j0 02524 

ZoiZit = 0-2(19814 + j0 1262) = 0 3963 + jO 02524 

ZoiiZitZ^t + = 0 2(6 656 + jlll49) 

= 1331 + j0 2297 

ZitZ^iZ^, - (1-1314 +j0 1262) (2-824 jO-4313) = 3 1456 \^j0 8495 

/ (^1 - Ej^j )^QiZ2t + (^i - ^ ii)ZoiZ^i 

240(2 824 -f jO-4313) -f (360~j208) (0 2863 + jO 02524) 

-f (360 + j208) (0 3963 jO 02524) 

3-1456 + jO-8495 +1-331 + jO-2297 

= 202 8-jl6 55 

/, =- V (202-8* + 16-55*) = 203*3 A. 

/ — ~ + (fii ~ 

(- 120 -j208) (2 226 + jO-3934) -f (- 360 -j208) (0 3963 
+ jO 02524) -j416(0-2263 + j0 0252) 

‘ ” 3 1456 -f j0 8495 + 13^1 + jO-2297 

« ^1016-jl315 
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/, -VllOl-e* + 131'5‘) = 166 A. 

j ^ ^ + (^1 11 ~ + (f'lii ~ 

H" 

(- 12® + ;20S) (I SO® + yO-224) + j416(02263 + j002S24) 
+ (- 360 + }208) (0 2863 + }002B24) 

31466 + }0 8496 + 1-331 + }0-2297 
= - 67 8 + }112 
I, = V(57-8*+ 112*) = 128 A. 

These values agree with those obtained on p. 473. 



CHAPTER XXI 


SYBEMETRICAL COMPONENTS AND THEIR APPLICATION 
TO THREE-PHASE CIRCUITS 

The direct method of calculating three-phase circuits by the 
application of KirchhofiF’s laws, discussed in the preceding chapter, 
while satisfactory for straightforward unbalanced circuits, becomes 
rather involved when complex circuits, networks with line-to-line 
and eaiijih faults, and machines operating under unbalanced con- 
ditions have to be dealt with. Such cases, however, may be calcu- 
lated without difficulty by an indirect method in w^hich the un- 
balanced or unsymmetrical system is replaced by equivalent com- 
ponent systems, each of which is 83mimetrical and balanced. The 
calculation of the currents and voltages in these symmetrical 
systems is a simple process, and the superposition or vector addi- 
tion of these currents is easily carried out to obtain the actual 
currents in the original unsymmetrical system. 

As the procedure in the case of a four-wire system, or its equiva- 
lent (e.g. a three- wire system with earthed neutral point and earth 
faults), differs from that for a three-wire system, we shall discuss 
each system separately, and shall deal first with the simpler case 
of the three- wire system. 

I. Symmetbical Components Applied to Three-wibe 
Systems 

Principle of Symmetrical Components. In the general case of an 
unsymmetrical three-wire system, the three line voltages, or cur- 
rents, have unequal magnitudes. Moreover, the mutual phase 
differences between these voltages, or currents, will, in general, be 
unequal. But the vector sum of the three line voltages, or currents, 
is, in every case, zero. 

Let the currents in such a system be represented by the vectors 
O/i, 0/2, 0/3 (Fig. 303). Then each vector may be resolved into 
two components, and by this process the original three vectors may 
be replaced by six component vectors. If the resolution is carried 
out in a particular manner, the six component vectors will form 
two symmetrical three-phase groups, which are called the sym- 
metrical components of the original vectors. 

’ Fig. 304 shows the two groups of symmetrical components for 
the vector diagram of Fig. 303. One group of components (a) is 
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denoted by O/gp, O/gp ; and the other group (b) by Ol^n, 
Observe that the phase sequence of one group (a) is the same 
as that of the original vectors, while the phase sequence of the other 
group (6) is opposite to that of the original vectors. In the diagram 
shown at (c), the two groups of components are compounded, and 
the vectors of Fig. 303 are obtained. 

The group of component vectors having counter-clockwise, or 
positive, phase sequence is called the positive-sequence component^ 



Vector Diagrams for an Unbalanced, Three-wire, Three- 
phase System (Fig. 303) and Its Symmetrical Components [Fig. 304 

(«), ( 6 )] 

Diagram (c) shows that tlie original vector system (Fig. 30.3) is obtained when the 
symim irieal comiKjiients are compounded. 


and the group having clockwise phase sequence is called the negative- 
sequence compement. 

These components may be obtained from the original vectors 
either by a graphical construction or by calculation. But as the 
direct graphical method is based upon the analytical relationships 
between the components and the original vectors, it will be desir- 
able at this stage to consider the theory of symmetrical components 
and to deduce their analytical relationship. 

Theory of Symmetrical Components for the Three-phase, Three- 
wire System. The basis of the theory of symmetrical components 
is the vector relationship shown in Fig. 304 and the symbolic 
representation of these quantities. 

Symbolic expressions in the rectangular form for symmetrical 
three-phase systems have already been developed (p. 442). In the 
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present case, however, the polar form is more convenient at this 
stage. Thus, for a symmetrical system of positive phase sequence, 
if I denot/Cs the numerical value of the current in each line con- 
ductor, we have, if the current in line No. 1 is the reference quantity, 

= /( -0 5 -j0 866) =- le ^ 2^/3 
/a = I( -0 5 + j0 866) = 

T^ow since = 1, and e -^2w/3 _ f.Hiri’s ^ expres- 

sions for the currents may be written in the form — 

h 

h /e^0£2(y2tr/3) _ /^£2(y2./3)^ 

/g = 7£^«f^2W3 /^ei2n/3^ 

the interpretation of which is that the vector is equivalent to 
the rotation of the reference vector through nn angle .Itt radians 
in the positive (counter-clockwise) direction, and that the vector 
/g is equivalent to the rotation of the reference vector through an 
angle 'irr radians in the same direction. 

If, them, we regard as a 1 20-degree turning operator 

(positive direction) and denote it by A, the vectors /j, AVi* 
taken in order, represent a symmetrical three-phase system of 
})Ositive phase-sequence. 

Similarly, the vectors /j, A/j, taken in order, represent a 
symmetrical three-phase system of negative phase-sequence. 

With this nomenclature, the vectors in Fig. 304 may be repre- 
sented by — 

= hv + /in 
/a = AVijj + ^/ in 

/3=Vlj» + ^H\n 

Properties of the Operator A, By successive applications of the 
operator A to a unit reference vector, we obtain the following 
relationships — 

^ „ ^.y2ff/3 . ^2 _ ^20277/3) . P ^ ^3(i2ff/3) _ ^^277 __ \ . 

^4 _ e4(y27r/3) — X \ A® ■— ^•’>0277/3) „ ^ 2 . ^rid so on. 

Hence A^ == 1, or A — \/l, i.e, A is numerically equivalent to the 
cube root of unity. 

Now algebraically, 

£(y277/3) ^ _™ (,Qg _j_ :::= - 0’5 ~{- j0-866y and 

^Uifn/3) ^ ^ ^2J __ QQg J gjjj — —0*5 —j0*866. 

33— (T S245) 
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Hence A + = - 1, or 1 + A + = 0. Since A^ = 1, we may 

write A + A^ + A® = 0. 

Calculation of the Components. With a knowledge of the pro- 
perties of A, we are now able to obtain the relationship between 
each symmetrical component and the original vectors. 

For example, from the equations (226) we obtain an equation for 
/ip by first multiplying the equations for and /g by A and A® 
respectively, and then adding the three equations. Thus, 

/i — llp + /in 
= /ip + ^^/in 

— /ip 4- A/i,j 

AVhence A/g 4 A^/g “ ^/ip 4" /in(l 4" A^ A) 

or hv = Wi + ^h + ^Hz) . . (227) 

since 1 + A^ + A = 0. 

Hence the positive sequence components are — 

/ip = i(/i 4- A/g 4" AVs) • O 
/ 2 P “ ^Vip = J(/2 4" A/g 4“ AVi) • r (228) 
/.,p = - i(/3 + Vi 4- AV 2 ) J 

The negative sequence component (/i„) may be obtained in a 
similar manner. Thus, 

/i “ /ip 1' /in 

^^2 “ Vlp 4~ /in 
A/a = Ag/ip 4- /in 

Whence /^ + A 2/2 4 A/g = /i„(l f A H A^) + S/j,, 

or /in = i(/i 4- A 2/2 4- ^/s) . . (229) 

Hence the negative sequence components are — 

/in -- i(/i 4- A V 2 + ^/a) • • ^ 

lln — ^hn — i(/2 4" AV 3 4" ^/i) • ?■ (230) 

/an ^Hln ~ \{lz 4- ^Vl + • J 

Example. The currents in a three-php,8e, three -wire svstem are Jj = 100 + jO ; 

= ^40-^j80; /a - -60 j80. Calculate the symmetrical components. 

Applying equations (228), the positive components are — 

/,p = + yO -h ( - O'S + jO 866 ) ( - 40 -j80) + ( - 0-5 -j0 666 ) 

(-60 +yso)] 

= 96-2 + j5'8 

Zap {-OB -j0 866 ) {96 2 -h j5-8) 

= -43 1-386 2 

/,p - ( - 0 5 + 3 O 866 ) {96 2 + j5-8) 

« -631 + j80-4 
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Applying equations (230), the negative components are— 

/i« == + yo + ( - O S -jO-866) ( - 40 -j80) + ( - 0-5 + j0 866) 

(-60+y«0)] 

== 3-8-j5-8 

An = ( - 0 5 + j0 866) {3-8 -j6-8) 

= 31 + j6-2 

An = ( “ O S -j0 866) {3-8 - j5-8) 

= - 6-9 -jO-4 

As a check upon the results, we will calculate /j, /j, from their com- 
ponents. Thus, 

/i = Ap "1“ An ~ 96-2 -f' j 6-8 -j- 3-8 — j5-8 = 100 + jO 
A = Ap + An = - 43 i - j86 2 + 31 f y6-3 - - 40 - j80 
Ap + An - -531 +j80-4 - 00 -y04 - -60 +j80 

Relationship between Numerical Values of Positive and Negative 
Symmetrical Components in a Three-wire System. In an unbalanced 
three- wire system, the following relationships between the expres- 
sions for the numerical values of the symmetrica] components hold 

V + V=J(V + V + V) .... (231) 

7,2 ^ 2^2 _ 4A/V3 (232) 

where 7p, 7„ denote the numerical values of the positive and negative 
symmetrical components respectively, 7^, 72, Iq denote the numerical 
values of the currents, and A denotes the area enclosed by the 
triangle formed by the vectors h, h, h when drawn in triangular 
formation. 

Note. A = “ h) (« - h) •“ ^ 3 )] where s == ^(7^ + A + -fs)] 

Proof. The relationships follow directly from the vector equations (228), 
(230), already developed. Thus expanding the equations for by 

introducing numerical values for A, A®, and horizontal and vortical com 
ponents for /j, /g, /a (i.e. Oj for the horizontal component of h — the reference 
vector — b], bg, the horizontal and vertical components of /g; c^, Cg, the hori- 
zontal and vortical components of /g), we have 

3A» = «1 + 4(fci + e.) + <*’• + ^ ~ 

3/in = Oj + + Cj) - (b, + Cj) + i[4{b, - Cj) + (b, - e,)] 

Whence, 

(3/„)‘‘* = [«! + i(^>i + Cl) + (^2 + ^)1* + [i(^2 - (^1 “ ®j)]* 

= 4“ -i- 6g* + Cj^ -j- Cg* + Oi(^i + Cj) - biCi H- fegCg^ 

+ \/Sa^{b2 + Cg) 4 - \/3(^2®i ^i®i) 

and 

(3fn)* — [®i 4- i(^»i 4" Cj) ~ (6g 4“ Cg)]* 4" [^{b% “ Cg) 4" (^i “ Cj)]* 

, = 4^ ^> 1 * 4“ A* H" Cl* 4“ Cg* 4 - ai(&i 4* Ci) - 6iCi -f- bgCg 

— \/3oi(6g -j- Cg) — “v/^lbgCi 4" biCg) 

Now, since we are considering a three-wire system, (61 4 - cJ = a, and 
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so tliat when these subBtituilons are made and the sum of the above 
expressiojis is taken, we have 

(3/,)'-* + (3/„)^ = 3(a,= 4- + 6,2 + c,2 + c,2) 

- 3(7i2 + V + 

Hence, + /„» = iW + V + h^) 

Similarly, by taking the difforonco of the expressions for (3/,)* and (3/,.*; 
we obtain 

- 1, ^ = W3l2a,(6, 4 c,) 4 4 he,)] 

= 0^3126,(0, 4 c, 4 a, f 6i)] 

= AV3(26, X 3a,) 

-■= i('2ha,)IV3 
= 4A/v'3 

wliore A = " area enclosed by triangle formed by the vector 1^, /„ 

when drawn in triangular formation. 

Rigorous Expressions for Calculating Numerical Values of Com- 
ponents. These follow readily from equations (231), (232). Thus, 
by addition, we have 

i(/i^ + V + ^3^) + 4A/V3 

whence -|- A*'^) + ^A/V^J • • (233) 

By subtraction we have 

2V^i(V -| A2 + 732)_4A/V3 
whence /« = + A" 4* A") - 2 A/\/3] . . (234) 

Special Case of Symmetrical Systems. Let the currents in a 
symmetrical system be denoted by I. Then the term Ji(A® f- A^ 
+ /g”) in equation (233) reduces to and the term 2A/\/3 
reduces to so that /p is given by 

/p -I m - 

Hence = 0. 

Therefore in symmetrical systems no negative sequence components 
of current or voltage? are present. The positive sequence components 
are, of course, identical with the vectors of the system. 

Approximate Expressions for Calculating Numerical Values of 
Components. In a system in, which the dissymmetry is small (i.e. 
the system is only slightly unbalanced or unsymmetrical), the 
negative sequence component will be small in comparison with the 
positive sequence component. Hence for approximate calculations, 
can be ignored in comparison with /p^, so that to a close 
approximation 

+ V + V)] .... (235) 

Since in the case under consideration /j, A> -^3 nearly equal, a 
rough approximation to 7p is given by 

7p ~ \/(AAA) • 


(236) 
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Equation (234) for the negative sequence components can, in 
cases where the system is only slightly unsymmetrical, be reduced 
to a form which closely approximates to the rigorous equation and 
which is very convenient for calculation, viz. 

In ^ \ VK^I - h)^ + (h - h? + (/3 “ m . (237) 

Proof. For brevity, write a, 6, c for Ij, respectively. Then if o, 6, 

care nearly equal and rn is the mean value, i.e. m = ^(a + 6 -|- c), we can write 
a ♦= m( 1 ih a) ; 6 == m(l ± /^); c — m(l d: y)» where a, p, y are each small 
in comparison with unity and — 

Hence, considering only positive signs for convenience, 

+ c^) - + a)^ + (1 + p)^ + (1 + y)*] 

% = m>[l + J(a« + /?» + y‘)\. 

Since 

A = \/[«(« -«)(/<- b) (s - c)], 
where 2s = a 6 + c = 3wi, 
therefore 

2 A / a/ 3 ----- i(4 A / n/3) - -- 1 A/ - «) - b) («- c)] 

= iK/i[:imV-2a)(l-2p)(l-2y}] 

~ im*v/[l -f 4(a/? -b /ly + ya) - 3a/?y] 

— -f 2(a/? -h Py + yt^)J approximately. 

Hence, ^ lr}h\i{a^ P^ y^) - 2{ap f Py H- ya)J 
= + y*), 

since ns 

a -f /3 f y ^ 0, and (a + /? 4- y)* = ct* 4 P'^ 4 y** 4 2{ap 4 py 4 ya) 

= 0, we have - 2{ap + Py -{• ya) = a® 4 P‘^ 4 y** 

Now (a --6)® 4 (ft -c)® 4 (c-a)® = w®[(a-^)® 4 (/3-y)® 1 (y -a)®] 

= m®[2(a® 4 4 y*) - 2{ap 4 Py 4 yn)] - 3 m® (u® 4 /i® 4 y®). 

Therefore /„® g[(a - 6)® 4 (ft - c)® 4 (c a)®] 
i.e. i„ == JV2L(a-6)®T(ft"-“c)® 4 (c-"o)®[ 

= r(4-/,)* 4 (h - 'm. 

Examples. The above rigorous and approximate meiliods will be applied 
to the cal(Milation of the symmetrical components of the currents in a sliglitly 
unsymiTiotrical throe-wire system. The line currents in this system are: 

= 50 A., /a = 45 A., ig = 55 A. 

Solution by rigorous method 

i(Ir V V 4- /3=) = i(r^0* -f 45® f 55®) - 1258 
i(Ii 4 /a 4 Js) = i(50 4 45 4 r>5) ^ 75 ( s) 

2A/v/3= -~,j Vlsis-Ii){s-l2)(s-Ii)j 

V 3 

= M 55 v '(76 X 25 X 30 X 20 ) = 1290 
Ip = V[i(V 4 - V 4 - V) 4 2 A/a /31 =- V(l^r >8 4 1225 ) 

= 50-8 A. 

In “ Vmii^ 4- V 4- V)- 2 A/V3J - VO 258 - 1225) 

= 5-77 A. 

Solution by approximate method 

Ip - Vi W 1- V 4- V) = ftl>2 A. 

In = iV2[(50- 45)» 4 (45-55)® 4 (55 '-'50)®] -- 6*77 A. 
'The roughly approximate method gives 

* /v'/iVs * VftO X 45 X 55 = 49-8 A. 
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Graphical Construction for Determining the Symmetrical Com- 
ponents. A number of simple geometrical methods are available, 
which are based either upon the fundamental equations (228), (230), 
or upon the geometrical properties of triangles. 

Direct Method. The construction for this method is based upon 
the fundamental relationships — ^given in equations (228), (230) — 
between the original vectors and their symmetrical components. 



Fig. 305 . Direct Graphical Method op Determining 
Symmetrical Components for Three-wire, Three-i^hase System 


For example, the positive sequence component, /jp, is determined 
by adding geometrically to the vector /j the 120®-turned vector /g 
and the 240°-turned vector /g, and taking one-third of the result. 

Thus in diagram (6), Fig. 305, OA represents the vector [dia- 
gram (a)], AB represents the ' vector /g turned through 120° (i.e. 
A/a), and BC represents the vector /g turned through 240° (i.e. 
AVg). The vector sum is represented by 0(7, and one-third of this 
is OD. The positive sequence components are, therefore, OZ>, OE, 
OFy as shown in diagram (c) ; OE and OF being equal in magnitude 
to ODy and having phase differences (lagging) of 120° and 240° 
respectively from OD, 

To determine the negative sequence component An. we add to 
the vector the 240°-turned vector /g, then add the 120°-tumed 
vector /g, and finally take one-third of the result. 
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Thus in diagram (d), Fig. 305, 00 represents the vector /j, QH 
represents the vector turned through 240°, and HJ represents 
the vector /g turned through 120°. The vector sum is represented 
by OJf and one-third of this is OK, The negative sequence com- 
ponents are therefore OK, OL, OM, as shown in diagram (e). 

Indirect Method No. 1, suitable for Vectors Draum in Radial 
Formation. To determine join the extremities (l 2 l<t) of the 



Fig. 306, Indiuect Graphical Method of Determining 
Symmetrical Components fob Thbee-wire, Three-phase System 


vectors /j and /g, diagram (a). Fig. 306, and on the side of this line 
remote from 0, erect an isosceles triangle I 2 AI 2 with 30° base angles. 
Join OA and produce backw'ards to B, making OB = OA. Then 
OB represents /jp, and the positive sequence components are, there- 
fore, represented by 01^^, O/gp, O/gp, diagram (6). 

To determine erect the isosceles triangle /g^Vg, with 30° base 
angles, on the side of /g^g adjacent to 0. Join OE and produce 
backwards to F, making OF = OE, Then OF represents and 
the negative sequence components are therefore represented by 
OIi„, Olsn, diagram (c). 

Indirect Method 2, suitable for Vectors Drawn in Triangular 
Formation. To determine the positive sequence components, con- 
struct isosceles triangles, with 30° base angles, on each^side of the 
vector triangle, the apexes of the isosceles triangles being outside 
the vector triangle. The lines joining these apexes represent the 
three positive sequence components. 

•Thus in Fig. 307, diagram (a), if the triangle ABC represents the 
line voltages of an unsymmetrical system, the equilateral triangle 
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DEF (which is formed by joining the apexes of the 30° isosceles 
triangles ABE, BCF, CAD) will represent the positive sequence 
components. Of these components, DE is the component (pTi-g) 
corresponding to CB (which represents the line voltage 
is the ccmiponent (^Fg-a) corresponding to AC (which represents 
the line voltage Fg-g), and FD is the component (^Fg-i) corre- 
sponding to BA (which represents the line voltage Fg-i). 

The negative sequence components are determined by a similar 



Fjc. 307. Altehnativk Indirect Okaphtcat. Method of 
Determtnin(j Symmetrical Components for Three-wire, Ti[rke- 
PHASE System 

(a) Contjtrnciioij for iio.sltivp-.spqiionco (•()n\poReRts ; (b) Coustruotion for iipnative- 
8<*quciice eoinjKmentM 


method, but the isosceles triangles are now constructed on the 
inside of the vector triangle. 

Thus in Fig. 307, diagram (/>), ABC is the original vector triangle 
and ABH, BCJ, CAG are the 30°-isoB(^eles triangles. The equi- 
lateral GJH — which is formed by joining the apexes of the isosceles 
triangles — represents the negative sequcncje components. Of these 
components, GH represents ^Fj.g, HJ represents 
represents nYz-v 

Special Case of Ssnximetrical System. The method of determining 
the symmetrical components by the construction shown in Fig. 307 
gives a very clear idea of the relative magnitudes of the positive 
and negative sequence components. When applied to a symmetrical 
system, it shows conclusively that such a system contains only 
positive sequence components. Thus in Fig. 308 let the equilateral 
triangle ABC represent the line voltages of a symmetrical system. 
Constructing 30° isosceles triangles on the outside of each side, we 
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obtain the equilateral triangle DEF which is identical with ABC, 
The ai^exes of the inside triangles ABG, BCG, CAG meet at a point 
(G), and therefore there are no negative sequence components. 

Symmetrical Components for Star and Delta Circiiits Supplied 
from a Three-wire System. In the preceding sections we have dealt 
with systems in which the line voltages and currents were known. 
This was done in order that expressions could be derived for the 
symmetrical components of these voltages and currents. We have 



Fig. 308. Symmjstkicat. Components for Symmetrical Three- 
phase System 


now to consider how the method of symmetrical components can 
be applied to the calculation of the currents in unsymmetrical 
circuits when the line voltages and the impedances of the circuits 
are given. 

Two cases will need consideration, viz. the delta- connected circuit 
and the star- connected circuit. In these circuits unsymmetrical 
conditions may result in either — 

(1) the vector sum of the phase currents (in the delta-con- 
nected circuit) being not equal to zero, although (a) the vector 
sum of the phase voltages is equal to zero, and (6) the vector 
sum of the line currents is equal to zero ; or 

(2) the vector sum of the phase voltages (in the star- connected 
circuit) being not equal to zero, although (c) the vector sum of 
'the line voltages is equal to zero, and (d) the vector sum of the 
line currents is equal to zero. 
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Obviously the vectors representing the phase currents in an un- 
symmetrical delta-connected circuit, or those representing the 
phase voltages in an unsymmetrical star- connected circuit, cannot 
be replaced by two systems of symmetrical vectors, because the 
geometric sum of the vectors is not equal to zero. But they can be 
replaced by three systems of symmetrical vectors, in which one 
system consists of three equal co-phasal vectors — ^the sum of which 
is equal to the vector sum of original vectors — ^and the other two 
systems consist of symmetrical three-phase vectors of positive and 
negative phase sequences. 

The three co-phasal vectors are called the zero 'phase-sequence 
components. They will be denoted by the subscript z. Thtls, in the 
case of a delta- connected circuit, if the phase currents are denoted 
by /„ /,!, /,j„ their symmetrical components are — 

Zero phase-sequence components — 

It — J(/i + /ii + /m)- 

[Note. The zero sequence components may be considered as 
representing a fictitious single-phase current circulating in the 
closed delta of the circuit.] 

Positive phase-sequence components — 

/lp» ~ Jlllvi “ 
of which /ip = + Uu + AVin). 

Negative phase-sequence components — 

/in* /lln( ~ /iiin( " AVlw)> 

of which = J(/, + AVu + A/,,,). 

Similarly, in the case of a star- connected circuit, if the phase 
voltages are denoted by 72- o» Fa-o* tb^ir symmetrical com- 

ponents are — 

Zero phase-sequence component ^ — 

Yt = i(Fi-o + F2 ^o + Fa-o)* 

Positive phase-sequence components — 

j»Fi~o» pF 2 -o( = A^pFj-o), pF 3 -o( “ ApFi-^), 

of which pFi_o == i(Fi-o + AF2-0 + A^Fa-o)* 

Negative phase-sequence components — 

nFl- 0 > nF 2 -o( ~ A„Fi-o)> nFa-oC = A^pFi-o), 
of which nVl-i, = J(Fl -0 + + AK 3 - 0 ). 
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EtXample 1. Resolve into symmetrical components the currents in a delta* 
connected circuit, the values of which are — 

= 9 66-j259; /n = -17 3 --jlO i 1^ = -2 5 +j4’33. 

We have — 

/ . = i(/i + /n -i- /ill) = i{9‘66-j2‘S9 - 17 3 -jlO - 2 5 + j4-33) 

= -3-38-j2 7S 

/i, + Uii 4- AViii) = i\9 66-j2 59 + ( -0 5 866) 

( 17 3 -jlO) + ( - 0*5 -j0 866) ( -2-5 + j4>33)'\ 

^ 10 65-j4 2 

Jin - K/i + AVi, + A/i„) - l[9 66-j2 59 + {-0 5-j0 866) 

( - 17 3%^ jlO) + ( - 0-5 + j0 866) ( -2-5 + j4-33)] 

== 2 39 -f J4‘36. 

Check — 

/. + + /,„ - -3 38 -j2 75 + fO-65 ->4-2 + 2 39 

+ i4-36 

=-- 9 66-j2-59{ = /i)* 

The remaining positive and negative phase -sequence components are 
obtained from /j, and /j„. Thus, 

hiP = = {-0 5-j0 866) {10-65 -j4^2) 

= -896-j712 

hiip = -^/ip = ( - 0*5 + yO-265) (jrO-65 -j4-2) 

- -15S + yil 52 

= A/,n - ( -0-5 {2 39 ^ j4-36) 

= -4-92-jO-ll 

him = AVin - ( - 0*5 (2-39 + j4-36) 

- 2 M -y4-25. 


Example 2. Determine the symmetrical components of the voltages across 
the branches of an unsymmetrical star-connected load, the values of which 
are — 

Fi-o - 188-8 4 - jl44, Y2 ~q - 818 + jl44. F 3-0 = 78 7 + j334 5. 

We have 

Y. = J(K,-0 + Fj-o + F.-o) = l{188 8 + jl44-31S + jl44 

+ 787 + j334-5) 

= 787 + j207-5 

,F, 0 = K Fi-o + AF,-. + A^F.-.) = HMS-S + +{-0-5 + j0-866)i 

( -31-5 + }i44) + ( - O S-jO-868) (78-7 + j334-6) 
= 110 -j63 S 

.F. 0 = i(F,-0 + + AF,-.) = +jl44 + ( -0-8-jO-866}] 

{-31-S + jl44) + ( - 0-5 + jO-86) {78-7 + j334-6) 
-O+jO. 


Y. + .F.-. F »F,-. = 78-7 +j207S + 110-j63B 
= 188-7 +jl44{ = Fi-.) 


Check — 
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The remaining positive phase -sequence components are obtained from 
pFi_o. Thus, 

,K2.o - - i-05-j0 866) {U0-j63 5) 

- - 110 -j€3 5 

pFa-o ApFi-o - ( - 0-5 + jO‘866) {110 ~j63-5) 

- 0 + jl27. 

Since „Fi-o is zero, the phase voltages liavo no negative phase -sequence 
components. This is because the supply system is symmetrical (see p. 482). 

Calculation of Currents in a Delta-connected Circuit. Let three 
unsymmetrical impedances, the values of which are the 

same for currents of iiny phase-sequence, be connected in delta to 
a three- wire system, and let the line voltages be denotedrby 
Fg-a* Fa-i* Then if /j, /n, /m denote the phase currents, we have 

Fi-2 ™ F 2-3 “ Vz~l — /lll'f'c* 

Therefore, the phase currents /j, 1^, cap be determined 
directly when the line voltages and impedances are given. 

Hence for delta-connected circuits the dire(;t method of solution 
is always employed, as the method of solution by symmetrical 
components would involve unnecessary labour. 

Cidculation of Currents in an Unsymmetrical Star-connected Cir- 
cuit Supplied from an Unsymmetrical Three-phase, Three-wire 
System. In this case the symmetrical components of the lino volt- 
ages and the load currents will consist of both positive and negative 
phase- sequence components, but those of the load voltages will con- 
sist of positive, negative, and zero phase-sequence components. 

Denoting the line voltages by Fi- 2 » F 2 - 3 » Fs-ii 
currents by 1 2 , the load voltages by Fi-o» F 2 -o» Fa-oJ 

the impedances of the load by Z^, Zg, Z 3 (the values of which are 
the same for currents of any sequence), then Fi-o h J ^ 2-0 

“ ^ 2 / 2 * Fs-O “ 4 ^ 2 , 1 ^' 

Hence, if j,Fi~oj «Fi -o> Y z symmetrical components of 

Fi-o» we have 

F. - i(Fi -I- F 2-0 + Yz-^) - + 4zh + ^ 3 / 3 ) 

” + I In) + + /2w) + 4z(hp ”1" /sn)] 

mih. + hn) + + ^hn) + 4,(?ih, + AVin)] 

= Ilvh(4l + ^^-?2 + ^4z) F + ^?2 + 

m) 

vYi 0 --- i(Yi-o + ^F2-o + A^Fs-o) = i(4ih + ^^ 2/2 + ^^4zh) 

= l[4lillp + Jin) + ^^ziJzp + /2n) + + An)] 

” llp\(4l + -?2 + ^ 3 ) + J\n\(4l + ^^^2 + 

= /ip ?* + /in ?ln ...... (239) 
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uY i-fi l\n4*z 4" ...... (240) 

where ^ \(Z^ + + AZ 3 ), Z, 

\(Zi 4- + Z^. 

Similarly, 

P.^ 2-0 “* hlpZ^ + l2n?2n “ ipZ z + /in?lw) = 1-0 

P^ 3-0 “ Izp?z “t" Izn^'in— MIlpZ z 4' /in^lw) — 1-0 

• T 1 F 2 -O “ l^nZz 4" f2p?2p^ ^(IlnZz + I Ip^lp) “ ^«Fl-0 

nFa-O ~ JonZz I" Izp^'Zp — 4" /ip^lp) = -^^Fl-O 

Now „Fi-o and „Fi-o determined from the relationship 

betweeivthe line and phase voltages. Thus, 

Fi- 2 - .Ki^ 0 -F 2-0 

~ Fa 4 - pYl O 4 «Fl-0” (Fz + pYz-O 4 wF2~o) 

4-nFl-o(l“-^) 

--- iA/3[pFi-o(V3 4- jl) 4- nFi-o(V^^ ~ j»)] . (i240a) 

Y2-3~ F 2 - 0 ” F 3 -O 

- .^z 4- pYz-O 4" nF2-0“ (Fz 4 - j>F 3 0 1 «.^a-o) 

-.Fi-o(A‘‘^-A)-.Fi-o{A-A‘4 

— “jV^^Fl-O 'i~jV*^nYl~o 

Whence 

n?i-o“ uFi-o “iFa-a/V*^ 

Substituting this value of ^Fi-o equation (24()a) and simplify- 
ing, we have 

..^ 1 - 0 ^- ^IFi 2 f-2^F2-.3(l 4iV3)] . . . (241) 

« Fi-0 = U Yi-2 4- I F2-3(1 - i V3)1 . . . (242) 

When pFi-o nFi-o have been determined, 1^, and /i„ are 
ealculated by means of the following equations. Thus, 

/iv - (pYi-O^z - nYl-0?ln)l(?z^ ~ ^Ip^ln) • • (243) 

/l.- (nFl-0-^z-pFl-oM(^z^ . • (244) 

or, alternatively, when has been determined, /i„ can be obtained 

from the simpler equation 

hn = LY,-o-hpZip)IZ, .... (245) 

The symmetrical components for the currents in the other phases 
are determined with very little mental effort by the application of 
the relationships already developed [equations (228), (230) J. With 
these components determined, the actual load currents are obtained 
simply by the addition of the appropriate components. 

The voltages across the branches of the load may be determined 
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either directly, by calculating the products IiZ^, /gZg, / 3 Z 3 , or in- 
directly by &st calculating the zero phase-sequence component, 
Vgy of the load voltages, and then adding this to the appropriate 
positive and negative phase-sequence components (e.g. = F, 

+ pFl-O + nVi-o* Gtc.). 

Calculation of the Currents in an Unsymmetrical Star-connected 
Load Supplied from a Three-wire, Three-phase System, the Voltages 
of which are Symmetrical. This is a special case of the general case 
just considered. The symmetry of the voltages of the supply system 
enables the above equations for the symmetrical components of 
the currents to be simj^ified, since the symmetrical compoy'^nts of 
the voltages across the branches of the load now consist only of 
positive and zero phase-sequence components. This fact can easily 
be verified by substituting the appropriate value of Fg-a equa- 
tion (242). Thus, in a symmetrical system of positive phase- 
sequence, Fg-a = Fi_ 2 ( -0*5 -j0-866)y and on substituting this into 
equation (242), we have 

nVl-O = i[Fl-2 + iF2-s(i -iV3)] 

= i[Fi-2 + iFi-2( -O S -j0 866) (1 - jV3)] 

= i(Fi- 2 - F 1 - 2 ) = 0. 

Hence, making this substitution in equations (241), (243), we 
have 


,Fl-« = jF2-3/A/3 = JFl-2-iiFl-2/V'3 

— V + Z2 + Z3 

I In — ~ 


Z1 + Z2 + Z3 


(245) 


(246) 


(247) 


The load currents and voltages are obtained by the same methods 
as in the general case. 

The following examples illustrate the procedure in calculating 
the currents in an unsymmetrical star- connected load for the cases 
of a given load supplied from ( 1 ) a symmetrical three- wire system, 
( 2 ) an unsymmetrical three- wire system. 


Example 1. The three branches of a star -connected load are made up as 
follows — Branch 0-1, an impedance, 17/30° ohms; branch 0-2, a condenser, 
reactance » 5 ohms; branch 0-3, an impedance 22/60° ohms. The load is 
supplied from a 220-V. three-wire system, the phase sequence being 1-2-3. 
Circulate the current in, and the voltage across, each branch of the load. 
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This problem was calculated on pp. 482-485 by the analytical method based 
upon Kirchhoff’s laws, and the present working by the method of sym- 
metrical components will form an interesting comparison of the two methods. 

Denoting the impedances of the branches 0-1, 0-2, 0-3 by we 

have (see p. 482). 

Zj = 14-74^ j8 5 \ Za = 0--jS; Z* = 11 + jl9 06. 

The symmetrical component impedances required in the calculations are — 
= l(?i + ^2 + ^a) = 1(25-74 + j22-66) - 8 68 + j7 S2 
?ip = i(?i + ^^2 + A^Zj) = 1(30 07-^5 06) = 10 02 -j2 69 
^ = i(Zi + A*Z, + AZ 3 ) = J( - 1169 + jll) = - 3-66 + j3 66 

2.* - Z,,Zi« = i(ZiZ, + Z^Z, + Z,Zi) = 1(137-3 + >345-3) - 46 93 +>31-77 

Denoting the voltage applied to the terminals 1 and 2 by Fi~ 2 * applied 
to ternA^ls 2 and 3 by ^ 2 - 2 * applied to terminals 3 and 1 by Y^- \* 

and taking Yx -2 fts the reference vector, we have from equation (245) 
,Fi-o=iFi-2-iiFi-2/v/3 

= 1(330 + jO) -M220 + >0)/ v/3 
-- 110 ->63-5 

Whence, from equation (245), 

hp- pYx-oZJ{Z.^-Zl^Z^n) 

{110 -j63‘6) (8 68 + j7‘62) 

“ " 45 03 "+>31 77 

= 10 04 -jll 74 
and from equation (247), 

l\n ^ llp?>lpl?'* 

- (10 04 -jll‘74) (10 02 -j2-69) 

~ 3 53 +>7*53 
= 3-73 + jl3 62. 

Therefore, 

/i=/iP + A« = «.»3+>1-73 
Whence = x/{Vi-S2^ + 1-78*) -- 13 92 

Now /a, - = (-0 6 -JO 866) (10 04 -jll’74) 

= -16 22-j2 86 

hn = ^hn -= ( - 0 6 -1 >0-366) (3-73 + >13-53) 

== - 13 61 -j3 5 

hp - A/ip ={-06 +>0 366) (10 04 ->11-74) 

= 5 13 + >14 6 

/sn = = ( -0-5 ->0-366) (3-73 + >13-53) 

= 9 83-jl0 03. 

Therefore /a /ap + /an “ -28-83 -j6-36 

/a = /8p + /»n-15-01+^4-57 
Whence Ja -- V(2S-83* + O-SO^) = 30-5 

/a = V(150D + 4-67*) = 15-37 

Check — 

/i + /a f /s = ^2 23 + jV78-28 83-j6 36 + 16-01 + j4-67 
= 0-00 -jO 01, 

.These values are in close agreement with those calculated on pp. 483, 484. 
As all calculations were made by means of a slide rule, extreme accuracy of 
agreement is not to be expected. 
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The load voltages Yi-n* Vi-n* calculated by the indirect method 

employing symmetrical components. 

Now, in the present case, Fi-o = F, + „Fi-o; ^ 2-0 = F, + ,^ 2-0 = F« 
4- A%Fi-o; F 3-0 = F. + pFa-o - F. 4- A,Fi-o- 

From equation (238) we have 

F* ” /ip-^ln 4* An^lp 

= [{10 04 -jll-74) ( - 3 86 + j3-66) + {3 78 + jl3'S2) {10 02 -j2-69)\ 

- 78 5 + j208 

Therefore, 

Fi-o = 78-5 + j208 + no -j63 5 

- 188-5 + jl44 2 

Fa-0 =- 78 5 + j208 + {~0-5 ~j0-866) {110 -j63-5) 

^ -315 ^^jl44-4 . 

Fa-o 78-5 + j208 +(-06+ j0 866) {110 -j63-5) 

= 785 + j335. 

These values check with those calculated by the direct method on pp. 484, 485. 

Example 2. The star -connected load in the preceding example is supplied 
from an uiisyrninetrical three-wire system, the line voltages being- — 

Fi a - 220 + jO ; Fa-a - - ^20 -jl72 ; .. - 100 + jl72. 

Calculate the current in each braiudi of the load. 

The first stop is to calculate, by means of equations (241 ), (242) the jiositivo 
and negative phase -sequence components of the voltage Fj.,,. 

Thus, ,F,.o = MFi -2 4- IIF 2 a(l 

- l\220 + ^0 + i( - 120 - jl72) {1 + j X ’3)] 

= 103-j63 3 

uVl 0= J[Fi-2 4 iY2-M-jW^)] 

3 67 + j6. 

The second step is to calculate by moans of equations (243), (244) the 
positive and negative phase -soquonco components of the current jy Thus, 

hv - (pFl - «Fl oZln)l(Y^z^ “ 

{103 -j63 3) {8-58 + j7-52) - {3 67 + J6) {-3 86 f j3-66) 

45 93 + J81-77 

917-jll92 

/ln-(„Fl-0-/lP^lp)/^z 

{3 67 + j6) - {917 -jll 92) {10 02 -j2-60) 

8-58 +j7-52 

= 4 98 + jl316. 

Therefore, 

./i = Jip 4 /i« = + jl-24 

whence 

Jj = V(14-]5“ + 1-242) 14-2 A. 

Now, 

/2p - ={-05 - j0866) {917 - jll 92) = - 15 03 -j2-08 

hv - >-Jiv ^{-05 + j0 866) {917 - jll-92) - 5 86 f jl4 

/an = ^/in - ( -^> 5 + j0 866) {4 98 + jl316) - - 14-03 - j2 21 

/an = = {-0 5 -jO 866) {4 98 + jl316) = 9 05 - j 10-95 

Therefore, 

/a = -29-06 - j4-29 
/, - 14 91 + j3 05 
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Whence 

/a = V(29 062 -f 4-29*) = 30-9 A. 

7, = V(14-922 -I- 3 06») = 15-22 A. 

Phase-sequence Impedances of a Three-phase System. In the 

above treatment of three-phase loads, and the development of the 
phase-sequence components of their impedances, it was specifically 
assumed that the values of these impedances were the same for 
currents of any phase sequence. In practice, such an assumption 
is quite in order in the case of “static” circuits which have no 
mutual inductance between the circuits of the several phases. 
Examujes of such circuits are resistances, condensers, single-phase 
reactance coils and transformers (i.e. reactance coils and trans- 
formers in which the magnetizing windings are not magnetically 
interlinked with adjacent windings connected to other phases of 
the system), or a combination of any of these. 

With three-phase transformers, transmission lines, and three- 
core cables, the impedance will have the same value for currents 
of positive or negative phase sequence, but will have a different 
value for currents of zero phase-sequence owing to the different 
values of the mutual inductance of these circuits under (1) normal 
conditions (i.e. with symmetrical three-phase currents in the con- 
ductors), and (2) zero phase -sequence conditions (i.e. with single- 
phase currents in all conductors). 

With rotating machinery, e.g. alternators, induction motors, 
sync'hronous motors, etc., the impedance will have different values 
for currents of different phase sequences. Thus one value of im- 
pedance will have to be used with currents of positive phase- 
sequence, another value with currents of negative phase-sequence, 
and a third value with currents of zero phase-sequence. In general, 
the impedance to currents of negative phase-sequence will be low er 
than that to cun’ents of positive phase-sequence. 

Equivalent Symmetricid Circuit. In the solution of unsymmetrical 
star- connected circuits, comprising a generator and load networks, 
by the method of symmetrical components it is advantageous to 
be able to replace each of the unsymmetrical star- connected loads 
by two equivalent symmetrical loads, one carrying currents pf 
positive phase-sequence and the other carrying currents of negative 
phase-sequence. By means of this artifice, the neutral points of all 
the (equivalent) loads are at the same potential, and therefore the 
calculation of the currents in the equivalent circuits is easily 
effected. 

' Thus in the general case of an unsymmetrical star- connected 
load having impedances Zg* phase voltages be denoted 

34— (T.S245) 
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Yi-o* F 2 -o> Ys-o currents by ij, /g, /g. The symmetrical 

components corresponding to Fj. ^ are Fjj, pYi-o> nFi-oJ I'hose corre- 
sponding to Fg-o F^, X^pYi o> ^nFi-oJ those corresponding 
to Fg^Q are Fj,, ApFi-o» ^^«Fi-o- symmetrical components of 
the three currents are /^j,, ; AVi®, A/i„; A/u,, AVin- 

Since there are no currents of zero phase-sequence (i.e. = 0), 

only two equivalent symmetrical impedances can be obtained, viz. 




vYl-olf\v — J>F2-o//2p ~ pYs-olfsp 


and Zjf - - „Fl-o//ln — nY2-olJ2n -- nYs-olfsn < 

These quantities will be called the positive sequence syi\ .netri- 
cal impedance and the negative sequence symmetrical impedance 
respectively. 

Hence the unaymmetrical load Z^ can be replaced by two 

symmetrical star-connected loads (connected in parallel), one Zp 
carrying currents of positive phase-sequence, and the other 
carrying currents of negative phase-sequence. 

The values of Zp and Z^ can bo determined by the aid of equations 
(239), (240). Thus, 

~ pYl-oUw “ 




■ w 1 o// In 


Zz 


ry ( n Yl-oZ z~ pY 1 - 0 ? 1 p\ . V 

?lp(J Ipll in) 

V y V 7 

rz \ rj i VI n* l-OV'ln \ /o^nx 

~^?z 'I ?ip( ' 

\n.*^l-0. z 3?.^ 1 OVlp/ 

Example. Calculiiio tlio positive sequence and negative sequence sym- 
inetncal etiuivalcMit imjjodancos f<^r tUe unsyinmetrical circuit in the example 
on p. f)lU. 

1’he branch circuit impedances are — Zj = 14’74 | jSS; Z.^ — 0-j5; Z^ 
= 11 1 jl9 06. J ^he syrmnetrical components of tlie vriltago Yi-q are pYi-a 
- 103-j63-5 and „Fi.o From p. 511 we have 

Z. 8 58 I ^7-52; Z^p - 10 02-^2-69 ; Z,„ - -3-86 + j3 66. 

Z ( J-L- 

■*" UFi 

7 57 I j2 61 

y y X y ( 1^ i— z ~ n Fi- n '\ 

VN Oz \ 1 Vt y y~ ) 

\nr I 0"« “ pi l-0<Up ' 

- 0 52 -JO 1. 


Whence 


^1. 




Calculation of Terminal Voltage of Star-connected Generator 
Supplying a Three-wire System on which the Load is Unsymmetrical. 

The generated E.M.Fs. are assumed to be symmetrical, although 
the currents arc unsymmetrical. This condition of operation is 
possible in machines built with cylindrical (i.e. non-salient-pole) 
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rotors. Hence the symmetrical components of the generated E.M.Fs. 
will consist only of positive phase-sequence components, but those 
of the currents will consist of both positive and negative phase- 
sequence components. 

Let El, Ejj, Eiii denote the generated phase E.M.Fs. (which are 
symmetrical, i.e. Eu = Em = AEi ) ; /g, Iq, the currents ; 

the impedance per phase of the generator to currents of positive 
pmse-sequence ; Zg^, the impedance per phase of the generator to 
cu^^nts of negative phase -sequence. 

load will be assumed to be star- conn oc; ted, and the impedance 
betwehi the neutral point of the load and each terminal of the 
generator will be denoted by Z^, Z^. Each of these impedances, 
therefore, includes the impedance of the appropriate Hne conductor, 
and the values are assumed to be the same for currents of either 
positive or negative phase-sequence. 

Since the symmetrical components of the currents in the system 
consist of positive and negative phase-sequence components, all 
voltage drops in the system will be produ(ied by these components. 
Therefore, for the purpose of calculating the voltages, the actual 
system of symmetrical generator and unsymmetrical load may be 
replaced by two symmetrical systems (each consisting of the sym- 
metrical generator and a symmetrical load), in one of which only 
symmetrical currents of positive phase-sequence circulate, and in 
the other only currents of negative phase-sequence circulate. 

Since each of these systems is symmetrical, there will be no differ- 
ence of 'potential between the neutral point of each load and that of the 
generator. Hence a simple solution may be obtained for the volt- 
ages in each phase, as the voltage drops due to each current may 
be equated to the corresponding generated E.M.Fs. Thus, con- 
sidering phase I, we have for the i>o8itive phase -sequence system 

“ Ilv?‘gp + vY — flp?gp ■+■ Ilp^z + Jln^lrn 
and for the negative phase-sequence system, since the generated 
negative phase-sequence E.M.F. is zero, we have 

II = fln^on i' nFl-O " Jln^gn + fln^z + Jlp?lpy 
where and ^lY i~o ^^re the positive and negative phase-sequence 

comj)onents of the voltage between terminal No. 1 of the generator 
and the neutral point of the load. 

From the second of these equations we obtain 

lln — - flp^lpl(^07t + ?z)y 

and, on substituting this into the first equation, we have 

= Ilp[?0V + ^ip^lnli^gn + ?z)] 
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Hence, / 




Id 


Zgv -\r - Zij,Z^J(Zgn - 1 - Zg) 


z: 


¥iZtJ{z,„ -I- z. 


^ I- -z* - + Zz) 

Whence the generator terminal voltages per phase are 
Fi-o^ 

F2 o = 


- fip^gp ■ 


/in^an 


■ ipZgp A/ xn^gn 


K3-0-= 


XE, 


XIxpZgp-XH 


In^gn 


and the generator line, voltages are 

Fi-2 - Fi -0 - F2-0 i V3[( V3 + jl ) (E, - hpZgp) - 


W'^-minZgn\ 

F2“3 “ F 2 - 0 “ Fa 0 “ — fijfZgj, -| / lf,Zg,f^) 

F 3-1 = Fa-o - Fi-o =- Wm - V3 +jl) (Ei - hpZgp) - 


II. Symmetrical CoMPONE^iTS for Four-wire Systems 
The four- wire, three-phase system is used most extensively in 
f)ractice for combined power and lighting distribution at low volt- 
age (400/230 V.). The three-wire, three-|)ha 8 e system with earthed 
neutral point is the standard system for j)Ower transmission and 
bulk distribution. But when earth faults oecjur on any of the lines, 
this system bec^omes virtually a four-wire system, as fault currents 
now How via earth to the neutral point of the generator or trans- 
former supplying the transmission or distribution lines. 

Vector Diagram for a Four-wire System. In the general case of 
an unbalanced four-wire system, the vector sum of the currents in 
the three principal line wires will not be zero. Such a system may, 
therefore, be represented by the vectors O/j, Ofg, O /3 (Fig. 309, 
diagram (or) ), which rej)resent the currents (Z^, /g, 1 3 ) in the three 
principal line wires, and the vector 01 ^ which represents the cur- 
rent (Iq) in the neutral wire, ^ince, at the neutral point, the vector 
sum of all the (airrents must be zero, we have for the conventional 
circuit diagram of Fig. 310, with the positive directions of currents 
as shown (viz. outwards from the neutral point of the generator) — 

/i + /2 + /^3 + /o ” 

whence /i -[- /g + /a = - /o* 

Resolution of Vector Diagram for Four-wire System into Sym- 
metrical Components. If the curnmt in the mmtral is considered 
to divide equally among the three phases of the system, then these 
phase currents (each of which is equal in magnitude to one-third of 
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the neutral current) may be considered as the symmetrical com- 
ponents of the neutral current. Hence the vector 01^ (Fig. 309) 



Fic. 309. Vkctok Diagrams fou an Unhalanckd Four-wire, 
Tiihek-phase System («), and Its Symmetrical Oimponents [h) 

(c), (d) 


may be replaced by the equivalent of three equal co-phasal vectors 
01 Ol^zi 01^2, as indicated in diagram (6). As these vectors are 



P'lG. 310. Circuit Diagram of Four-wire, Three-phase System 

all in phase with one another, the symmetrical components they 
represent are therefore called zero-sequerice comn/ponmis. 

The vectors O/j, O/g, O/3, considered by themselves, may be 
replaced by two symmetrical three-phase vector groups, of positive' 
aAd negative sequence respectively, in exactly the same manner 
as in the case of a three- wire system. These positive sequence and 
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negative sequence components are shown in Fig. 309, diagrams (c) 
and (d) respectively. 

Ssrmmetrical Components for Four-wire System. Denoting the 
zero-sequence components by /g^; the positive-sequence 

components by 7^,, f^p ; and the negative-sequence components 

/ln» hny hny We have 

/l* + /ip + /in = /l • • • ‘1 i 

/2, + Ap + An = /2* • * • • • M?50) 

/sj /sp /sn ”” /a* • • • • • 

Now /ijg = Ag ~ /a, J Ap — ^Vlpj Jsp^Klv'y Izn 

“ SO that the equations (250) may be written in the form 

A^ “1“ Ap /in ~ A • • • • * 'j 

Ju + ^Vip + AA« - a H250a) 

A* + Vip + ^Vin “ /a • • • • 

Whence, by addition, 

^A, — ■ A + A + .A 

or /i, = i(A + A i /a) (251) 

which determines the value of the zero-sequence component. 

The values of the positive-sequence and negative-sequence com- 
ponents are obtained in the same manner e-s for the three-wire 
system, and are 

Ap ~ i(/i + ^A + 

/in \{Ii + ^^A + ^'•/a) 

Oraphical Construction for Determining the Symmetrical Com- 
ponents. Th(^ zero-sequence component is obtained by determining 
the vector sum of the three line-(;urront or ])hase-voltage vectors, 
as the case may be, and taking one-third of the result. 

The positive-sequence and negative-sequence components are 
determined in exactly the same manner as for a three- wire system, 
using either the direct method (p. 502) or the indirect method for 
radial vectors (p. 504). 

Component Dnpedances. Let three unsymmetrical impedances 
^l> ^3 be connected in star to a four- wire system. Let the line 

currents l>e denoted by /j, /g, A, and the phase voltages by Fj-o* 

.^ 2 -o> Fs-o* Ihen F^^q = A^i» Fg-o = A? 2 j Fg^^j = A-^a* 

Since we are dealing with a four-wire system, each of these 
voltages and currents will have symmetrical components of 
zero, positive, and negative sequences. Denoting the symmetrical 



SYMMETRICAL COMPONENTS 


519 


components of Fi„o and /i by nY\-Q /*» /j»» hn 

respectively, we have — 

.Fi-o -= i(Fi-0 H- Fa-0 + Fo-o) = + hZ2 + hZz) 

— Iw'V /in) + -?2(/2*+ / 2 D+ /an) 

\ + ^3(/32+ / 3 P+ /sn)] 

=Xi[-?l(/l*+ /lD+ /in) + -?2(/l*+ ^^/lp+ ^/in) 

\ + ^3(/l*+ ^/lP+ ^Vln)] 

— -?2+ ^ 3 ) + /l»i(-?l+ -^^-?2+ ^-^s) 

iL +/lni(?l+^? 2 “l-^^^ 3 )] 

/l.l;+ /lp?lP+ /in^ln (252) 

where Z,[^. \(Z^ + Z^ -f Z3)], = J(Z, + A^Z^ f AZ3)], and 

Zi„[ ““ j(Zi + AZg H A^Zg)] are called zero, positive, and negative 
component impedances. 

Similarly, 

pFi -0 = i(Fl -0 + AF2-0 + ^Ts-o) 

- 4(/i^i ^/2^2 + AVa-^a) 

= hvZ^-\hnZ^n + hzZ^, . . . (253) 

and „Fi_o = J(Fi-o + ^^^ 2 •o + ^Fs-o) 

= J(/iZ, -j- AVa^a + ^3^3) 

= hn^z + /i.?in -I- /iP^iP • • • (254) 

The equations (252), (253), (254), therefore, enable tlie symmetrical 
components of the load voltages to be calculated. 

Calculation of the Currents in an Unsymmetrical Star-connected 
Load Supplied from a Four-wire System. If the load voltages arc* 
known, the problem is so simple that the solution by the method 
of symmetrical components is unwarranted. 

If only the generator no-load voltage is known, the problem 
may be* treated on similar principles to those employed for the 
corresponding three-wire j)roblem. Thus the system is replaced by 
tliree equivalent symmetrical systems, viz. (1) a system in which 
only currents of positive phase-sequence circulate ; (2) a system in 
which only currents of negative jdiase-sequence circulate; (3) a 
systtun in which only currents of zero phase-sequence circulate, 
'rin^ equivalent zero phase-sequence system is a single-phase system 
which cojisists of the neutral wire in series with three parallel- 
connected circuits, each of which contains one phase of the gen- 
erator M inding, a line wire, and one branch of the load (as shown 
in Fig. 311). 



520 


ALTERNATING CURRENTS 


Obviously the direct connection between the neutral points of 
generator and load will not affect the currents in the systems of 
positive and negative phase-scqucnce, and, therefore, these currents 
are obtained by the application of the same equations as were 
developed for the three- wire system (p. 510). 


The current in the equivalent 
obtained by equating to zero the 





FlCJ. 311 . DlSTfllBCTION OF Zf.ro 
Sequence Currents tn Three-phase 
System 


zero phase-sequence system m 
voltage drops due to the ze/o 
phase-sequence currciif:s. 
Observe that the current iiy ihe 
neutral is and that thgt* cur- 
rent in each line wir^ m 
O bserve, also, that the currents, 
J/jj, in the line wires are in 
phase with one another, and, 
therefore, the value of reactance 
used in the calculations must 
correspond to these operating 
conditions. 


Calculation of Currents in a Three-wire System with Earthed 
Neutral Point and Earth Faults on Line Conductors. Under earth- 
fault conditions this system is equivalent to a four-wire system, 
the earth acting as the neutral conductor. The currents can, 
therefore, be calculated by employing the same methods as for a 
four-w'ire S3^stem. Observe that the fault currents are of zero 
phase-sequence. 


III. Measitkement of Symmetrical-component Voltages 

AND (-URRENTS — APPLICATIONS OF SYMMETRICAL COMPONENT 

Principles in I^iacttce 

Measurement of the Symmetrical Components of the Voltages of 
a Three-wire System. The symmetrical components of the voltages 
of a three-wire system may be determined by means of a voltmeter 
(preferably an electrostatic instrument), and a combination of 
resistances and reactances connected as shown in Fig. 312 (b)* 
The circuit is based upon the geometrical method (Fig. 307) of 
determining the positive and negativ^e phase-sequence components, 
the principle utilized being that the lines joining the apexes of the 
positive and negative phase -sequence triangles are perpendicular 
to and bisect the sides of the line-voltage triangle. For example, 
when the positive and negative phase-sequence triangles are drawn 
in one diagram, Fig. 312 (a), then the line joining the apexes D apd 

* This scheme is due to Prof. Catterson -Smith. 
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G bisects AC perpendicularly. Similarly, EH and FJ bisect AB 
and BC perpendicularly. 

The values of the resistances R^ for use with a condenser of 
capacitance C, may be readily calculated from the vector diagram, 



Kin. 312 . VKfTon ANi> Circtht Diagrams for Measurement of 
Symmetrkul Components (Voltage) of Three-wire, Three-phase 

System 

(a) Vfctor (liaKniiii for syntcm ana symnietriraJ coniiK)iii>nt8; (/>) CJrriiil. dinKrain of 
ti’.stinn network; (e) \'cHior diaRrain of voHnpos for one “lej?” of network 


measnr(*d separately, using current transformers with inter-con- 
nected se(^ondary windings loaded on special ly-adjusted impedances. 

A number of schemes can be devised from a study of the funda- 
mental equations (227), (229). For example, from equation (227) 
for the positive-sequence component, /^p, we have 

/i.= m + Vs + AVs) 

-- iiAU-i) 

-- i V3[h( - <)-866 + jO-5) + I,{ - 0-86C - jO-5)] 

= (l/\/3) [ - 3(r + ( - /bH ^] 

Thus if we measure the sum of the currents (/j/V^)/- 30° and 
(/s/\/3)/+ 30° we shall obtain the positive-sequence component, 
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Similarly, 

/in = (1/V3)[- h l+ 30° + (- hi- mi 
Thus in this case we measure the sum of the currents 
(/2/V3) /+ 30^ and 30° . 

The measurements are made by means of two ammeters connectecj,-, 
as shown in Fig. 313, to a special network of resistances and if.,i- 
pedances supplied from two current transformers. 



Fig. 313. Cikouit and Vector Diagrams for the Measurement 
OF Symmetrical Components (Current) of Three-wire, Three-phase 

System 


Measurement of the Symmetrical Components of the Currents in 
a Four-wire System. The positive-sequence and negative-sequence 
components are measured in exactly the same manner as in the 
case of a three-wire system. Tlie zero sequence component is 
obtained by measuring the current in the neutral and dividing by 3. 

Application of the Principles of Symmetrical Components in 
Practice. The principles of symmetrical components have a num- 
ber of practical applications in protective -relay schemes for the 
protection of transmission lines against earth faults. In these 
schemes the zero-sequence currents are utilized. The principles are 
also employed in connection with relays which are required to give 
discriminative action when unbalanced conditions occur. In these 
cases the positive- and negative-sequence components of the line 
currents or the line voltages are utilized. 

Two examples will be considered — (1) the control relay of an 
automatic voltage regulator for an alternator ; (2) a protective relay 
for protecting a machine against unbalanced operating conditions. 

(1) Application of Principles of Symmetrical Components to Auto- 
matic VoUage Regulator. The control relay of an automatic voltage 
regulator for a three-phase alternator is excited by the voltage 
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across two of the line wires of the system (see Power Wiring Dia~ 
grams, p. 197). Under abnormal conditions, such as a single-phase 
fault or a heavy unbalanced load, this voltage may be higher or 
lower than the normal value, and if the control relay were con- 
ytrolled solely by this voltage, the regulator may act in an undesir- 
ifcle manner (e.g. reduce the excitation of the alternator under 
fiSult conditions when the excitation should be maintained or in- 
crcksed). If, however, the relay were controlled by the positive 


Bus- bars 








Voltage 

Bror 




^Auto. Voltage 

b) 



314. CiiuniiT AND VifiCToji Diagkams roil Positive Skqi encpj 
t’oNTKOL OF Automatic Voltage Kegulatok 
(Metropolitan- Vickers Electrical Co.) 


sequence voltage, the control of the voltage would be unaffected 
by unbalanced-load or fault conditions, since the positive-sequence 
voltage is always symmetrical. 

Fig. 314 (a) shows the connections employed for the control 
relay of the Metropolitan- Vickers’ voltage regulator. The current 
in the coil of this relay is the vector sum of the currents in the 
circuits XRi and R connected to the secondary windings of two 
voltage transformers, the primary windings of which are connected 
in open-delta to the bus-bars of the supply system. Circuit XR^ is 
inductive, and is so adjusted that the current in it has a phase 
difference of 60 degrees (lagging) with reference to the voltage 
between the lines R and Y. Circuit R is non-inductive : its resistance 
is* so adjusted that the current is equal to that in circuit XRi, this 
current being in phase with the voltage between the lines Y and J5. 
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For positive phase-sequeiKje voltages, the current in circuit R is 
represented, in Fig. 314 (6), by O/^, and that in circuit XR^ by 01^, 
The vector sum of these currents is represented by Oh 

For negative phase-sequence voltages, the current in circuit R 
is represented, in Fig. 314 (c), by O and that in circuit X by 
0 „7x- Since the current in X lags 60 degrees from the R-Y voltage 
this current is in opposition to the current in circuit R, when t^e 



Fio. 315. Circuit anu Vector Diacuams for Nr(3ative 
Sequence Protective Relay 
{Metropolitun-Vickerit Jikelncal Vu.) 


phase sequence is negative. Heiu^e the control relay is o}>erative 
only to positive phase-sequence voltages. 

(2) Ap'plicntion of the Principles of Syrmmtrical Components to 
Protective Relay, Heavy unbalanced loads on alternators result in 
increased heating compared with that due to balanced loads of 
equal kVA., and therefore it may be desirable to give warning when 
the unbalance of the load exceeds a predetermined amount. This 
can be effected by means of a relay, the current in which is propor- 
tional to the negative sequence component of the generator current. 

Fig. 315 (a) show\s the scheme of connections (due to The Metro- 
politan-Vickers Electrical Co.). A bridge network of non-inductive 
resistances and impedances, of equal values, is connected to three 
current transformers in the generator circuit. The relay is con- 
nected across opposite corners of this network, and the relay current 
is the vector sum of the currents /g, /m, /j.,. 

For currents of positive phase-sequence, the relay current is zero, 
diagram (6) ; but for currents of negative phase-sequence, the relay 
current is equal to as shown in diagram (c). 



CHAPTER XXII 

THE LOAD DIAGRAM FOR THE GENERAL CIRCUIT 


iNMJhapter VII the no-load and short-circuit diagrams, and the 
generalized vector, or load, diagram were deduced for simple series, 
j)arallel, and series-parallel circuits. It was shown that the load 
diagi^i, which was developed from the no-load and short-circuit 
diagrai\,, had important practical applications, as it enabled the 
performance of the circuit under variable circuit conditions to be 
determined by a simple graphical process. 

The circuits considered in Chapter VII were of the simplest type, 
viz. (1) a series circuit consisting of fixed and variable impedances 
(which is the equivalent circuit of a short transmission line with 
negligible capacitance) ; (2) a parallel circuit, one branch of fixed 
impedance and the other branch of variable impedance (which is 
an approximation to the equivalent circuit of the transformer) ; 
(3) a series-parallel circuit consisting of two parallel branches, one 
of fixed impedance and the other of variable impedance, in scries 
with a fixed impedance. 

The more general case of a series-parallel circuit is shown in 
Fig. 316, in which one of the variable branches contains both a 
fixed impedance as well as variable im]:)edance. This tyi)e of circuit 
is representative of the equivalent circuit of a transmission line, a 
transformer, and a polyphase induction motor as will be apparent 
by comparing Fig. 316 with Figs. 87 (p. 159), 159 (p. 230), 174 
(p. 260). When a})j)lied to polyphase systems and apparatus, the 
circuit refers to one phase, and the quantities represent “phase 
quantities.” 

Although inductive resistances arc shown in Fig. 316, it must 
be understood that each branch of this circuit may consist of any 
combination of resistance, inductance and capacitance, or of one of 
these quantities alone. Thus, the branch Zg, Fig. 316, is inductive 
in the circuits of transformers and induction motors, but is caj)aci- 
tive in the circuit of a long transmission line. Again, the “load” 
impedance, Zg, is non-inductivc in the circuit of induction motors, 
but may be rcac^tive or non-rcactivc in the circuits of transformers 
and transmission lines. 

Although the no-load and short-circuit diagram for a series- 
patallel circuit of the type shown in P'ig. 316 may be constructed 
without difficulty, the performance of the circuit cannot be 
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Whence, 

(260) 

Let the load impedance now have a value ^2, and let tlie supply { 
voltage be adjusted so as to give a voltage of E2 at the terminals of 
the load. Moreover, let the load current under these conditions pe 
/g, the supply voltage E^, and the line current /j. Then the l^ne 
current may be considered to be made up of two components, /one 
being the no-load current corresponding to the supply voltag/ E^y 
and the other being the line short-circuit current corresponcyfig to 
the load short-circuit current /g. Similarly the supply volt^e may 
be considered to be made up of two components, one being the 
supply voltage necessary to obtain a voltage at the terminals 
of the load at no-load, and the other being the supply voltage 
necessary to obtain a load current equal to when tlui load is 
short-circuited. 

Hence, 

fi “ Jls + lo 

“ ('2/2 4' 

^C\l2 + (\E2Y, (261) 

= (’ 2 ^ 2/-?2 + Vl^^Yo 

^ ES^JZ2~V(,\Y^) . . . .(26hO 

since /g — NojZ^- 

Also, 

- E,, + E,, =(\E. + (' 2 / 2 ^. . . . (262) 


* This expression is ohtainoti hy siihs(ituting for rodiKiing, and then 

Bubsiiluting in terms of C z- Thus 




z, ) ■' (Z, -i- Z,) (Z, + ZJ 

Now since 1 -| and C 2 14 we have 

^1 4 ^3 ^ t^ 3 » ^1/^3 “ i “ 1 » 






Hor»ce, 
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If equation (261) be multiplied throughout by Z„ and is then 
subtracted from equation (262), we obtain 

+ CJ,Z. - ((\hZ. -f- {\l!kYoZ,) 

= C^E^O- - YoZ.) 

= 

since (1 - Y,Z,) = \l{\(\. 

Whence, 

E^ = (\(E^-!^ZA (263) 



I'lO. 318. SlMPMC SeKIES-PAEAIXEL ClKCIJlT Kooivalent to the 
Genekal Cihcdjt or Fio. 316 

Substituting this value in equation (261a), we obtain 
/i = {\(Ei-hZ,)(CJZ^ + CJ„) 

= (E^-hZA{Ci^lZ^+(\(\Y„ . . .(2616) 

l.c. in the general circuit the line current, (jorresponding to a 
given supply voltage, E^, and a particular value, of the load 
impedance, is given by tlie product of two quantities ; of which 
one — (\(‘ 2 Yo ) — ^represents the joint admittance of the 
two parallel branches of a simple series-parallel circuit, and the 
other — (Ei-JiZg ) — represents the voltage across these branches 
when the supply voltage is E^y the line current is and the series 
impedance is Z^. 

Therefore the general series-parallel circuit of Fig 316 may be 
replaced by the equivalent simple series-parallel circuit shown in 
Fig. 318, in which the series impedance lias a value equal to the 
short-circuit impedance of the general circuit, i.e. Zg = Z^ +?*/( 2 » 
the fixed branch of the parallel portion of this circuit, Fig. 318, has 
an admittance equal to (\(\ tinies the “ no-load admittance ” 
of the general circuit, i.e. QxViTo = 

= C^C 2 ^ ; and the variable branch has an admittance 

ei[ual to times the admittance of the load in the general 
circuit, i.e. = C^IZ 2 = 

35-(T.5a45) 
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In comparing the general circuit of Fig. 316 with its equivalent 
circuit, Fig. 318, it is found that, for any particular value of the load 
impedance in the general circuit, the same value is obtained for 
the joint impedance* of both circuits, and therefore if the same' 
voltage is impressed on both circuits the line current and th/ 
power taken from the supply system will be the same for each 
circuit. 

The voltage at the terminals of the parallel branches of the 
equivalent circuit is given by (E^-fiZg), which, as is sho>^ by 
equation (263), is equal to where E2 is the voltage /t the 

terminals of the load in the general circuit. y' 

The current, 7^,, in the variable branch of the equivalent circuit 
is given by 

YM(\=E\{C2^Y2)IC^^^^^ (264) 

Hence the power, supplied to th(^ variable branch of the 
(^([ui valent circuit is given by 

E 

1\ — C'2 /„ cos (7)2 - 2 yj) 

V 2 

= Ay 2 ‘'OS ( 7 > 2 - 27)2) 

COS {(p» — 2W9) 

= P2— — (266) 

^ COS (p2 

wheni P 2 is the powc^r supj)lied to the load in the general circuit. 
Thus, according to the signs and magnitudes of 9?2 W 2 


* 'I’fjo jdint impndanco of the general circuit of Fig. 316 is given by 


Z f 


1 


t- 




(1/^.,) + \~ }'u)\ 

and that of the equivalent circuit is given by 

Q,c,y„)i 

Substituting for C 0 values 


4^3 t ^ 4 


we have 

^ ^i H 


ro 

^3^4 , 




^3+^4 


+ {^3 -1- ^2(^3 1 Z ,) 

Z,Z, 


Z,Z 2 


X, '+ Z, (Z. Z.)(Z. |-Z,-+ Z,) 

i^Z "1“ ^4) 


+ 


z, -f + Z, 


= Z 
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power supplied to the variable branch of the equivalent circuit may 
be equal to, greater than, or less than the power supplied to the 
load in the general circuit, but the ratio of the quantities is constant 
for a given circuit. 

The power, P^, expended in the series impedance, of the 
equivalent circuit is given by Pg = I^Rgy where Rg is the “ short- 
circuit resistance ” of the general circuit, and includes the resistance 
of the line impedance, as well as the joint resistance of the 
bra/.ch impedances Zg, Z4, but not the resistance of the load. 
For t given value of the Une current in both the equivalent and 
the geii^ ral circuit, this power, P^, closely approximates to the DR, 
or copper, losses in all parts, except the load, of the general circuit. 

The power, P^, supplied to the fixed branch of the parallel 
portion of the equivalent circuit is best expressed in symbolic 
notation and is given by 

Pa = . . (266) 

If the power supplied to the general circuit at no-load is denoted 
by Po, then J\ ~ Therefore 

ra{C 2 /C\) - ^ v>.) 

or approximately, if (\p^ + V’2) ^ small angle, 

/’«(CVC,) = PAP^,jE^? (266a) 

Now the power supplied to the general circuit at no-load is 
expended in (1) the magnetic (hysteresis and eddy-current) losses 
in the iron portions of the circuit, (2) the losses in the dielectrics 
surrounding the ('onduetors, and in the dielectrics of any condensers 
included in the circuit, (3) the DR losses due to the no-load current. 
Hence if the no-load DR losses are ignored, or P^ is corrected to 
allow for these losses, then the quantity P^(C’2/C'i) represents the 
magnetic and dielectric losses in the general circuit, since the 
dielectric losses vary as the square of the E.M.F. impressed when the 
frequency is constant, and the magnetic iron losses vary approxi- 
mately as the square of the induced E.M.F. 

[Note. — Magnetic losses are considered in detail in Chapter XI.] 

Thus the performance of any circuit which can be reduced to a 
general series-parallel circuit may be obtained from the performance 
of the equivalent series-parallel circuit ; the constants of which 
may be determined, as already shown, either directly from those 
of the general circuit, or indirectly from no-load and short-circuit 
tests as described later. 

Deduction of Performance of General Circuit from the Load Diagram 
for the Equivalent Circuit. The no-load and short-circuit diagram 
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for the equivalent circuit is constructed in the same manner as 
that for the simple series-parallel circuit, but care must be exercised 
in obtaining the correct phase angles for the equivalent admittances 
and impedances. For example, the admittance vector, AB, Fig. 319, ’ 
for the branch, of constant admittance is set off at an angle 
equal to (± 9 ?o ± ± ^^ 2 ) respect to the vertical axis, (p^ 

being the phase angle for the no-load admittance (i.e. cos is the 
no-load })owor factor of the general circuit), and xp^, are deter- 
mined as shown later (p. 637). The length of this vector o^the 



Fig. 319. No-load and Short-cibcutt Diagram fob Circuit 
OF Fig. 318 

admittance scale is equal to The admittance vector, 

ABqc, Fig. 318, for the variable branch is then set oif at an angle 
equal to (i (p^ T respect to the vertical axis, cos cp^ being 

the power factor of the load in the general circuit. The inversion 
of this line with respect to A gives, therefore, the locus of the joint 
impedanc(5 vector for the parallel branches of the equivalent circuit 
Observe that the line AQy Fig. 319, is now inclined at an angle equal 
lo (d= <p 2 T 2 ^ 12 ) with respect to the horizontal axis. 

The vector representing the series, or line, impedance in the 
equivalent circuit is then drawn in position, its inclination to the 
vertical axis being equal to 9 ?^, where cos tpg is the power factor 
for the general circuit when the load is short circuited. Finally, 
the inversion of the impedance circle with respect to the origin, 0 , 
is obtained, and the scale is changed so as to obtain the no-load and 
short-circuit points, .fig, A^, respectively. 

The load diagram, Fig. 320, is obtained by drawing the semi- 
polar, VU ; the tangent, AiV, at the short-circuit point ; joining 
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the no-load and short-circuit points and producing this line so as 
to cut^ the horizontal axis at T ; and drawing a line through the 
short-circuit point, A^, and the point of intersection, £7, of the 
semi-polar and the horizontal axis, exactly as in the case for the 
simple series-parallel circuit. 



Fig. 320. Load Diaqkam for Circuit of I<^io. 318 


The performance of the general circuit, when the line current is 
represented by the vector OG^, is deduced from the load diagram 
as follows — 

The 'po'iver injmt from the supply system is given by the 
ordinates G^M. 

The power supplied to the load is given by G^N^ [cos 9 ^ 2 /^^® ( 9^2 “■ ^^ 2 )] 
where G^N^^ is the difference of the ordinates at G^ and N ; N being 
the point of intersection of the lines G^W and A^B^, the former 
being drawn from G^ parallel to VT and the latter being drawn 
through the no-load and short-circuit points. 

The DRy or copper losses, in the circuit are given by LiM, which 
is the ordinate at X ; L being the point of intersection of the lines 


534 


ALTERNATING CURRENTS 


GiS and A-^U, the former being drawn from G^ parallel to the semi- 
polar, and the latter being drawn through the short-circuit point 
and the point at which the semi-polar intersects the horizontal 
axis. This loss may be expressed as a percentage of the power 
input by constructing a “ percentage PR loss ” scale as follows : 
Draw any convenient line, parallel to the horizontal axis, to intersect 
the semi-polar, VU, and the line AiU \ divide the intercepted 
portion into 100 equal parts, the zero being at the point of inter- 
section with the semi-polar. The percentage PR loss is then given 
by the scale reading at the point where the line joining the points 
and U intersects the scale. 

The magnetic, dielectric, and losses other than PR losses arc most 
conveniently obtained by calculating the difference of the power 
input and the power supplied to the load togtither with the PR 
losses. If the losses are to be obtained from the diagram, it is 
necessary to subtract from N^L^ (which is the difference of the 
ordinates at N and L) the quantity 

\(ios[<pi - 2yii) J 

The scale for the above quantities is the “ ordinate power scale ” 
which is E times the current scale of the diagram. 

The efficiency scale is obtained by drawing any convenient lin(% 
parallel to the horizontal axis, to intersect the lines A^T, FT, or 
their extensions. The portion thus inUjrcepted is then divided 
into 100 [cos 992/008(972 “ ] t'qual parts. The efficiency of the 

general circuit, i.e. the ratio 

power supplied to load 
power taken from supply system 

is then given directly by the scale reading at the point where the 
line joining the points and T, produced if necessary, intersects 
the scale. 

The current m the load is given by G1B2IC23 where C2 is the 
absolute value of the complex number (/g The scale is the same 
as that for the line current. 

The voltage at the load is given by O^A^ X C'g. 

Detennination of the No-load and Short-circuit Constants of a 
General (Srouit. The construction of the no-load and short-circuit 
diagram for an equivalent circuit involves a knowledge of the four 
quantities C'l, (\, 7 ^, Zg, These quantities are called the “ no-load 

and “ short-circuit ** constants of the general circuit. As already 
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shown, they are not independent of one another, but are con- 
nected by equation (260), p. 528, which may be expressed in the form 

cc = 

If numerator and denominator are multi|)lied by we obtain 

cc 

(EJZ,)-E,Y, 

= I.Kf.-h) .... (267) 

where I^{ = E^IZg) is the short-circuit current, and Io{=EiY^) is 
the no-Joad current, taken by the general circuit when the supply 
voltage is E^. Thus the i)roduct C\C 2 is equal to the quotient of the 
short-circuit current at normal supply voltage and the vector differ- 
ence of the short-circuit current and the no-load current : it is 
therefore readily obtained from no-load and short-circuit tests. 
For example, in the no-load and short-circuit diagram, Fig. 318, the 
absolute value of the product (\C 2 given by CjCg == CAJ A 182 ^ 
and the argument, tpi + given by the angle OA 1 B 29 the value 
of which depends upon the relative phase differences of the no-load 
and short-circuit currents, e.g. 

tan(^i + ipt) = [/oSin(y><,-9),)]/[/,-/„co8(9P„-7),)] . (268) 

In cases where the phase diflferences of the no-load and short- 
circuit currents, with respect to the supply voltage, are approxi- 
mately equal, the angle OA^B^ will be small, and the value of the 
product may be obtained by a simple calculation instead of 
by geometrical construction or complex algebra. For example, 
when is ai)proximatcly equal to 9 ?^, the product C^C^ is given 
with sufficient accuracy for practical purposes by 

Ci(72 =/,/[/, -/oCos(9.<,-9^s)] .... (269) 

Moreover, with symmetrical circuits, i.e. those for which 
~Z^, f\ = ('2 = y}^ = yj^ = tp: whence, from equations 

(260), (267), we have 

= V[l/(l-ro?J] (260a) 

-VU.IU.-fo)] (267a) 

C = v'[/,/ {/,-/oCos(^,- 9 t),) }] . . . (269o) 

tan 2 yi = [/„ sin(y>„ - 9 ),)]/[/, - cos( 9 ?<, - 9 ;,)] . . (268o) 


This follows from equation (268) by substituting Z, = thus 
(7, = 1 -1- IZJZ,) -p, 
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With unsymmetrical circuits, i.e. those in which and are 
unequal, the angles y )2 may, under suitable conditions, be 
determined by measuring directly the phase difference between 
the E.M.Fs. at the supply and load terminals at no-load, and the 
phase difference between the currents in the line and load at short 
circuit.* But if and xp^ are small it will be difficult to obtain 
these angles accurately by measurement. Hence in this case, and 
in other cases where it is impossible to measure these phase differ- 
ences directly, the angles rp^^ must be obtained indirectly by 
carrying out either a no-load or a short-circuit test from the load 
end of the circuit in addition to the ordinary no-load and short- 
circuit tests from the supply end. 

For example, if in the circuit of Fig. 316 the supply and load are 
interchanged, i.e. the impedance is placed in the supply circuit 
and the impedance is placed in the load circuit, and if the no-load 
admittance and the short-circuit impedance under these conditions 
are denoted by 7 '^, Z\, respectively, we have 

Y\ = 1 l(Z2 + Z4), Z\ == Z, + ZiZ3/(Zi -f Z3). 

Now for the original circuit the no-load admittance and the short- 
circuit impedance are given by = ll(Z^ -f- Z3), Zg = Z^ + Z^ZJ 
(Z3 + Z4), respectively. 

Whence 

To ^1 + ^3 (’1 

y, Z3-1-Z4 i+Z4/^3 (’2 

and 

Zb __ Z\ + [Z3Z 4/(Z3 -f ZJ J [^1 (^3 + Z^) -f- Z ^ Z4 ] (Zj-j-Z^ 

+ [ZiZ^iiz^ + Z3)] rz4 (Z4 ~\- Z3) + Zj Zgj (^3+^4) 

Zi Z3 (\ 

Z^ "f" Zj^ C'2 

Therefore, 

To z: 

C Y ' Z ' 

or ^ A- 

( 2^0 ^8 

Whence 

CJC 2 = Y,^IY,=ZglZ: ( 270 ) 

and 

= fo -<p« =V»-<Ps ( 271 ) 

‘ Methods of determining those quantities are described in Chapter XVIII. 
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or, since 

2 (V'l - Va) = To -To -\ - <Ph- To > 
fi-fi = h(To-To + Ts-To) • • • .(271a) 


These equations and those (267), (268), given on page 535 enable 
the four quantities Ci, C 2 , y>it to be readily calculated. Thus 

(’i = V[YolYo(i - Y^Z,)] ^ VUo'IslJo(Is-Jo)\ . . (272) 

= V[Yo/Y: (1 - y,Z,)] VUoIsHo (/« - Jo)] . . (273) 

wiiere 7^' is the no-load current, at normal voltage, when the supply 
and load are interchanged.* 


Vi = i\ (Vi + V'a) + (Vi - Va) J 


^ I [tan 


Io»m(To-Ts) 


Ti = 


/,-/„C08((J5„-qP,) 

H(V’i + Va)- (V’l-V'a) 


+ KTo-Ts f To ~ To)] ■ (274) 




The phase differences 9?^, 9?^, 99'^, 99^', are calculated from the 
power and volt-ampere inputs at no-load and short-circuit respec- 
tively , the power input being measured by a wattmeter and the 
volt-ampere input being measured by a voltmeter and ammeter. 
Thus — 

cos (po = where is the power input, the supply 

voltage, and 7^ the line current at no-load. 

Similarly, 

cos 9?3 = PJE^glj^g, where Pg is the power input, the supply 
voltage, and the line current at short-circuit. 

Construction of the Load Diagram for a General Circuit from Test 
Data. If the impedances of the several branches of a general circuit 
are unknown, the no-load and short-circuit diagram must be con- 
structed from data obtained from no-load and short-circuit tcists. 
The data required are : (1 ) the no-load and short-circuit currents 
at normal supply voltage, (2) the phase differences of these currents 

* Alternatively, if the voltages at the supply and load terminals can be 
measured accurately at no-load, and those voltages are denoted by 
respectively, then Cl -= EiqIE^q. 

• Again, if the currents in the lino and load portions of the circuit can be 
measured under short-circuit conditions, and these currents are denoted by 
7i*. respectively, then 6% = 
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with respect to the supply voltage, (3) either the phase difference, 
(p'oy between the no-load current and the supply voltage when the 
supply and load terminals are interchanged, or the phase difference, 
q>\y between the short-circuit current and the supply voltage when 
the supply and load terminals are interchanged. 

The vectors, OAiy Fig. 321 (a), representing the normal, no- 
load, and short-circuit currents are drawn in their correct positions 
with respect to the axis of reference, and the centre of the current 
circle is determined as follows : Join the no-load and short-circuit 



Ctrclk 

points, bisect this line at Dy and draw the |jerpendicular DQ. From 
draw the line B^Q inclined at the angle (± T with the 

horizontal axis i? 2 ^^ Then th(i point, Qy where this line intersects 
the p(?rpendicular DQ is the centre of the circle. Observe that the 
angle ( 9 ’ 2 “ Fig. 321 (a), may bo expressed as 

[fi - (y>i + rpi) - (fi - fi)] =(Pt- - (yi - tpy), 

and if (xp^ - 7 ^ 2 ) neglected the angle X'B.^Q becomes equal to 
( 9?2 - of the angle OA^B^, being determined 
with reference to the short-circuit line OA^y i.e. the angle OA^B^ is 
positive when the no-load point lies above the short-circuit line, 
and vice versd. Moreover, if ^^0 angle 

X'B^Q is equal to the angle OA^B^y and the construction shown in 
Fig. 321 (6) may be adopted for obtaining the centre of the circle. 
In this case a vertical, B 2 Fy is erected from the no-load point 
to intersect the short-circuit line at i\ The portion B^F is bisected 
at Ky and a perpendicular KQ is drawn to intersect the line DQ 
at Qy which is the centre of the circle. 


* See remarks on p. 142 for meaning of signs. 
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Proof. In Fig. 319 the line AQ^ which contains the centre of the circle, 
is inclined at the angle - (932 4- 2y>2) with respect to the horizontal axis AX'. 
Now the angle AQB^ is equal to twice the angle and since the latter 

IS equal to 4- yh)^ angle AQB^ is equal to 2(y\ + ^* 2 ). Hence, since 
the angle Fig. 82, is equal to the difference of the angles X'AQ and 

AQB^., i.e. ZX^BzQ -- ((p 2 “ ~ ^{y^i 4- Vb) T’b ” 2y»i, a line drawn from 

B 2 at this angle with resiKJCt to the horizontal axis contains the centre of 
the circle. 

With the construction shown in Fig. 321 {f»), which may be adopted when 
(p 2 = 0, and y>i = we have 

LJi^QK = LKQP = hLB^QF = LB^AyO 2vi. 



Fin. 322. Load Diaobam fuu Sbrtks-caraijjcl CIrnejiai. Circuit 
(Data in Example and Table Xlll) 


ExaniplB. To illustrate the application of tlu/ above principles w'c wmII 
now' calculate the performance of a symmetrical series-parallel general circuit 
for a variable load of 0*95 power factor (lagging), the no-load and short-test 
readings for the circuit being as follows — 

No-load Volts 500. Amperes 8-25. Wyatts 430. 

Short-circuit Volts 500. Amjieres 145. Watts 34,800. 

The performance will be calculated for a constant supply pressure of 500 volts 
From the no-load and short-circuit readings w'e obtain 


430 

" 500 X 8-25 
<Po = 

34800 

“ 500 X 145 


01 044 


0-485 


V. = 8*° 
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Selecting a current scale of 1 cm. --- 5 amperes, we commence the construc- 
tion of the no-load and short-circuit diagram by drawing 0.4 j. Fig. 322, 
to represent the no-load and short-circuit currents resj)ectivoly ; the length 
of OB^ being 1*65 (— 8-25/5) cm. and its inclination to the vertical being 
84®, the length of OA^ being 29 (— 145/5) cm. and its inclination to the 
vertical being 61®. 

Next join bisect at Z>. and draw the |3erpendicular DQ. 

Since the power factor of the load is 0-95, lagging, (p^ “ cos' *0-95 — 18*2°. 
an<l is negative. Also since the circuit is symmetrical and cp^ > g^, the 
angle OAy^B^ is equal to 2?/» and is positive. Hence from a line B^Q is 
drawn inclined at the angle -~{<p 2 - 2 y}) -=-(18-2- /_0AiB.j,)° with respect 
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(Determined from the Load Diagram of Fig. 322) 


to the horizontal axis.* The point of intersection of this lino witli the 
perpendicular drawn from D is the centre of the current circle. 

The diagram is coinijleted by drawig tlio scmu-polar, VU, the tangent, 
AiF, at the short-circuit point, dotermining their point of intersection, F, 
and joining this point to the point, T, where the line joining tlie no-load and 
short-circuit points intersects the horizontal axis. The shrirt-circuit point 
is also joined to the point, f7, at which the semi-polar intersects the horizontal 
axis. 

The power scales may be determined when the angles of inclination of 
FT and VU with respect to the vertical are known. J^y measurements on 
the diagram. Fig. 322, those angles are foiuid to be 15-5® and 14-9° respectively. 
Hence the pow’or scales are 


I cm. = 5 X 500 = 2500 wrftts, for measurements along the ordinate ; 
1 cm. =■ 2500 X co.s 1 5-5® ~ 2408 watt.s, for measurements parallel to the 
“ total loss line,” FT ; 

I cm. =; 2500 X cos 14-9® = 2416 watts, for measurements parallel to the 
semi -polar, Ff7. 

The value of 2^^, obtained from equation (268a), is 

tan 2ti. = ”"(^0 " y») ^ 8-25 Bin(84° - 61°) 

146-8-25cos(84°-6I°) 

whence 2y) = 1*36. 


• 0-02345, 


* This construction is best effected by drawing a line, at an angle of 18-2" below the 
horizontal axis and then constructing the angle CB^Q equal to the angle OA^B^. 
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The correction factor {c.cs\ ‘2y})] for the efficionoy Bcale and 

for obtaining the power suiipliod to the load from the intercept, OjN, Fig. 322, 
is equal to 

cofi lH-2/cos(18-2- l-3«) = 0-95/0-9422 =:= 1-008. 

and is so close to unity that it may be neglectt>d for practical purposes. 
Finally, the value of C is calculated from equation (269a), thus 


/ h ^ /_ 

'y -9,) V 145 - 


8-25 co«(84° 


= -v/1-055 --- 


The performance of the circuit as deduced from measurements on the load 
diagram. Fig. 322, is given in Table XIIJ, and in the curves of Fig. 323. 


TABLE Xlll 

Mga-Suked and Calculated Quantities from Fig. 322 fob 
Perj’OBMance of Series -parallel General Circuit 


Line current (amp.) 

20 

40 

60 

80 

100 

120 

Length OGi (cm.) 

4 

8 

12 

16 

20 

24 

, (Length (hW* (cm.) 

jpower(kW.) . . 

3 

6(>4 

9-73 

12-28 

14-07 

15 

7-24 

16-03 

23-5 

29-65 

33-97 

36-22 

(Length (cm ) 

Output ]xJowor(kW,) 

2-6 

5-42 

7-12 

7-76 

7-05 

5 

0-28 

13-09 

17-2 

18-73 

17-02 

12-07 

Total ( Length JV 11' (cm.) 

0-4 

1-22 

2-61 

4-52 

7-02 

10 

losses /Power (kW.) 

0-90 

2-94 

6-3 

10-92 

16-95 

24-15 


0-2 

0-48 

1- 03 

2- 49 

2-44 

5-89 

4-38 

10-57 

6-91 

16-68 

9-94 

24 

Efficiency (per cent) 

8(>-8 

81-7 

73-2 

65-4 

50-1 

33-3 

Power factor (per cent) 

72-4 

80 

78-4 

74-1 

68 

60-4 

* Paralh^l to V U . 
t L is point of intorsoctiou (not i 

Tiarkcd 

in Fig. 

, 322) 

of GW 

and A 

,17. 



CHAPTER XXllI 


INITIAL (TRANSIENT) CONDITIONS IN SIMPLE ELECTRIC 
CIRCUITS 


In all the preceding discussions of electric circuits, particularly 
those given in Chapters III and IV, the relationship between 
impressed E.M.P\ and current was obtained bj^ assuming the law 
of variation of the current, e.g. by assuming a sinusoidal current 
to be flowing in the circuit. The conditions relating to the sudden 
application of a sinusoidal PIM.F. to circuits possessing resistance, 
inductance, and capacity will now be investigated. 

Relationship Between Impressed E.M.F. and Initial Current for a 
Non-inductive Circuit. Let the impressed E.M.P'. be represented by 
the equation c = sin ayt. Then, if R denotes the resistance of 
the circuit, the internal E.M.F. at any instant is given by 
en = - Ri, and this E M.F. must balance the impress(^d E.M.P\ 

Hence, for any value (e) of the impressed E.M.F. the current 
must equal ejR. Therefore, at whatever point on the E.M.I^. 
wave the circuit is closed, the current rises instantly to the normal 
value corresponding to the value of the E.M.P\ For exam[)l(^ if 
the circuit is closed at the instant the impressed E.M.P'. attains 
its maximum value, the current rises immediat<^ly from zero to its 
maximum value. Thus the conditions become })crnianent as soon 
as the circuit is clo.sed and there are no transient phenomena. 

Relationship Between Impressed E.M.F. and Initial Current for a 
Purely Inductive Circuit. Let the inductance of the circuit be L 
and the resistance be zero. Then at every instant the impressed 
E.M.F. balances the E.M.F. of self -inductance, and the relationship 
between impressed E.M.P\ and current is given by the equation 


€ == L dijdt sin m/. 


which may be re-arranged in the form 


di 

dt 


Y — —r- Sin (oL 
Ij Li 


Transposing, we have, 

di = sin (oi . dt^ 

and, upon integrating this expression, we obtain 
1 = - {E^jeoL) cos mt + A 
542 


( 276 ) 
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where A is the arbitrary constant of integration, the value of 
which is determined by the conditions existing at the instant the 
circuit is closed. 

For example, let the circuit bo closed when (ot has the value y). 
The current at this instant is zero. Hence, substituting for cut 
and i in equation (276), we obtain 

0 ““ - (E^/cuL) cosy + 
whence A = (E^jeoL) cosy). 

Therefore, the general equation for tlu^ current is 

1 ==■- - (E^j(joL) cos cut + (E^jouL) cos y 

= (^^/coTy) (cosy -cos 0)0 . . . (277) 



Fie. 324. Wave-forms of Initial Citrrent in Purely Inductive 

Circuit 

[Note, —T he wavo-fonn of the iinpressod E.M.K. is shown dotted,] 


It can be shown that, except for the special cases when y = 0° 
and y = 90°, this equation represents a sinusoidal curve with its 
axis displaced from the abscissa axis (see curves T, II, III, Fig. 324). 

In the special case when y = 0® the current curve does not cross 
the abscissa axis, and, therefore, the current never reverses (i.e. the 
current is pulsating instead of alternating). 

In the other special case, when y = 90°, the current curve is 
83"mmetrical vith respect to the abscissa axis, and the permanent 
conditions — as were considered in Chaptfjr III — obtain from the 
instant at which the circuit is closed. 

In Fig. 324 are shown the current wave-forms — calculated from 
equation (277) — corresponding to y = 0°, y = 30°, y = 90°, when 
the impressed E.M.F., at the instant of closing the circuit, has the 
values 0, 0*5 E^,^^ E„^, 

Since equation (277) does not contain a transient term, the 
conditions represented by this equation are permanent, i.e. the 
succeeding current waves will be exact reproductions of the initial 
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wave, and the current will continue in the same form in which it 
started. 

In practice, purely inductive circuits devoid of resistance and 
losses cannot be obtained, and with all highly inductive circuits 
the resistance, together with the losses in the iron core, produce 
damping effects, so that, a short time after the circuit is closed, 
the current wave-form assumes its normal shape. 

Relationship Between Impressed E.M.F. and Initial Current for an 
Inductive Circuit (Resistance and Inductance in Series). The general 
equation connecting impressed E.M.F. and current is 

e ~ Ri L di jdt = sin a>l, 
which, when re-arranged, becomes 

di R . E„, . 

“t: + T ^ — - - sin (ot .... (278) 

dl Lj 

This is a linear differential equation of the first order, the general 
form of which is 

Such an equation is integrated by the factor and the 

general solution is 

dx + c 

or y ~ J dx. + 

where c is the arbitrary constant of integration. 


The general solution to equation (278) is therefore given by 

,■ _ e-/(7j/iwi J sin 

Evaluating the supplemcntai^y integrals, we have 
i = J' ^{RlL)t ^ 

The remaining integral is of the form 
y* e®* sin bx . dx, 

which, when integrated, gives 

(a sin bx - b cos bx) 
a» + 62 
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Hence the solution to equation (278) is 


(?L ■ 


wt “ CO cos cot] -h ce 


Z.[(i2/L)M-cu2jl 
Simplifying, we have 
E 

i - CO L cos o)t) + 

R^ 4- co^L^ 


wli(»re 


toL J 

= I^ sin(6t>i ~ cp) -]r 

Im - "I 


-f C£ 


(279) 

. ( 279^0 


and tan cp =■- coL/R. 

The first portion of equation (279) Is tlu^ particidar solutioii of 
equation (278), which is obtained when t has large valu(*s. This 
(particular) solution corri’isponds to the pcirinarKuit state of th(^ 
current in tluj circuit. 

The second, or traiusient, term iii ecjuation (279) is the solution 
of the equation Ldildt + Ri — 0. This term takes into account 
the initial conditions in the circuit, viz., that initially the current 
is zero, and, therefore, when an E.M.T’. is applied suddenly to the 
circuit, the current must start from zero at whatever point on the 
E.M.F. wave the circuit is closed. 

The value of the arbitrary constant of intt^gratioii (c) is deter- 
mined by the conditions existing when the circuit is closr^d. 

If the circuit is closed at a time after the E.M.F. has passed 
through its zero value (which corresponds to « ~ 0), the current 
at this instant (^j) is zero, and, on substituting in equation (279ri), 
we obtain 

0 I m sin(cofi - 9 ?) + ce 

whence c = - I^i sin(ft>fi - (p). 

Therefore the general equation for the current becomes 

1 = I^ sm{cot -<p)-Im sin(a>«i - cp) . ( 280 ) 

Observe that at the instant of closing the circuit (i.e. < = ^i), 
the value of the exponential term is equal to that of the term 
representing the permanent conditions in the circuit. 


36~(T 5245) 
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This equation, except for the special case when = 9 ?, represents, 
when t is small, a scries of unsymmetrical periodic curves. The 
dissymmetry gradually decreases with respect to time and ultimately 
vanishes (see Fig. 325). 

When co^i== 9 ?, the second, or exponential, term in equation (280) 
is zero and the permanent conditions exist (i.ci. the current is 
sinusoidal) from the instant that the circuit is closed. 

A graphical representation of equation (280), in the case of a 
particular circuit, is given in Fig. 325 (curve i), the applied E.M.F. 



Fio. 325. Wave forms of Initial Current in Cikouit 

CONTAININO llKSrSTANCE AND INDUCTANCE 


being shown at e. The points on the current curve may be calcu- 
lated directly by equation (280), but it is easier to obtain the 
current curve in the follo^\ing manner — 

First plot the current (^urve corresponding to the permanent 
conditions. This is a sine curve (a, Fig. 325) having a maximum 
value equal to E^ly^(R^ + a)'^L^) and lagging cp with respect to 
the E.M.F. curve. 

Next calculati^ a few points and draw the exponiiiitial curve (b). 
The calculatc^d points are obtained from the equation 

i' — I,n ow/i- sii\(a)ti - cp). 

Finally, compound the curves according to equation (280) — 
i.e. subtract (b) from (a) — arrd obtain th(^ resultant curves i. 

[Note. Fig. 325 n^fers to the case in which L is constant. If, 
however, the magnetic circuit contains iron, the initial state of 
magnetization of the iron, together with the hysteresis loop, will 
have to be taken into consideration in determining the initial 
current and its wave -form. In this case a graphical construction, 
similar to that described in Chapter XV, will have to be employed.] 
Relationship Between Impressed E.M.F. and Initial Current for a 
Circuit Containing only Capacitance. Let an E.M.F., represented by 
the equation e ^E^ sin cot, be applied to a condenser of capacitance 
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C. Then, since the charging current of the condenser at any instant 
is equaJ to C dejdt, we have 




sin cot 


=■ (oC E^ cos cot 


= (oG E^ 8in(co< + Itt) 

which is the equation (25) deduced in Chapter IV for the 
permanent conditions in the circuit. 

Hence in this case — i.e. if the resistance is zero and there are no 
losses — th(ir(i are no transient phenomena on closing the circuit. 

[f, however, the switch makes bad contact, so that sparking 
occurs at the contacts, transient conditions wdll occur, as the 
circuit is then equivalent to a condenser and a resistance (which 
possesses unstable characteristics) in series. 

Relationship Between Impressed E.M.F. and Initial Current for a 
Series Circuit Containing Capacitance and Resistance. Let a sinu- 
soidal E.M.F. — represented by e --- E »in cot — be applied to a 
series circuit containing a condenser of capacitance C, and a resist- 
ance E, Then the general equation of the circuit is 

e = Ri (I /C) J i di. 

DilTcTen tinting with respcjct to time, we obtain 


de 

dt 


di i 


l."ranBj)osing and re-arranging terms, we have 


(U 1 . 


]_de 

Rdt 


coE^ 

R 


cos cot. 


which is a linear differential equation of the first order. 

Th(j solution of this equation is obtained in exactly the same 
manner as that for an inductive circuit (see p. 544), and is 

^ y) + ' • < 281 ) 

— I^ sin(oj/ + cp) + Ae . . . / . (281a) 

This equation differs from equation (279a) in the time constant 
and the sign of the i)hase-angle cp. Except in the special ca.se 
when the circuit is olosf‘d at the instant the impressed E.M.F. is 
passing through zero, the initial current waves are represented by 
a series of unsymmetrical waves similar to those shown in Fig. 325. 
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Relationship Between Impressed E.M.F. and Initial Current for a 
Series Circuit Containing Capacitance, Resistance, and Inductance. 

Let the applied E.M.F. bo represented by the equation e ^E^ sin co^, 
and let R, L, C denote the resistance, inductance, and capacitance, 
respectively, of the circuit. Then the general equation of the 
circuit is 

di 1 r 

Ri ^ J I dt = e = sin cot . . . (282) 

Differentiating throughout in order to clear the integral, we obtain 

Differentiating again, wc obtain 
dH dH \ di 


Substituting from equation (282), we have 

dH dH \ di « / r» • r ^ f • 

Differentiating again for the purpose of clearing the integral, and 
re-arranging, we have 

dH d^i dH di 

“ Si + ™ dt ■- J , + " 


The solution to this equation may be expressed in the form 
i = A^e^i^ + + .44r”*** 

where -4j, -4 3 , A^ are constants and r/ij, m 3 , m^ are the roots 

of the equation 

CLx^ 4 CRx^ + (1 4- (o^CL)x^ + 0}^CRx + co^ = 0 

The roots are readily obtained, since this equation can be factorized 
thus 

(x^ + w2) (CLx? 4- CRx 4* 1 ) == 0 

Whence the roots are 

= CO \/ - 1 , mg = - CO V “ ^ 

R . ^/{R^~4LIC) R V(^'~4L/C) 

”** 2L'*' 22/ •”’ 4 -" 2L 2L 


Therefore the general solution is 

. . ( 284 ) 
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The first terms represent the particular solution and cori‘espond 
to the i)ermanent conditions in the circuit ; the last term represents 
the transient conditions. This term corresponds to the solution of 
the equation 

L di^jdl^ + R dijdt + I'/O = 0 

Observe that the transient term may take one of three forms, 
according to whether CR^ is > == < 41.. 

The particular solution — i.e. i = A^e^^^ reduces to 

i == -4i(cos oji + 3 sin o)t) A 2, (cos (ot -j sin o)t) 

= (^1 -f- A^) cos (i)i - A 2 ) sin cot 

== /I cos + -B sin .... (285) 

where A A^ A^^ B 3 {B^ + Bg). 

The constants A and B are evaluated by substituting in equation 
(283) the value of i given by equation (286). Thus 

di jdt “ - vi)A sin od f cuB cos o)t, 
d-i Idt^ -- - (o^A cos (ot - u)^B sin cut 
Whence, from equation (283), we have 

- (o‘^L{A C 0 SC 0 /+ BHina>/)+ cuR(B cos cut -A since/) 
+ (A cos cut + B sin cut) jC cuE^^ cos cut 

Equating sine and cosine terms we have 
(i) - (MB - (oRA -I- B 1C ^ 0 

(li) — cu^LA -f- cuRB -j- A JC = (^)Eyf^ 


from which 


E ,,,(\ jouC - ouL) 


B 


E.,M 


(XjojC-coLy^ A- R^ 


Substituting these quantities in equation (285), we liave 

= It- 

or, if ouL > 1 JcuC, as is usually the case, 

E 

= I„ Biu((ol -<p) . 


. (286) 
. (286a) 
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where = E,J^/[R^ + (eoL - 1 /a}C)^] 

and (p = tan‘^(ft)L - 1 /ct)(7) /R, 

This equation is, of course, identical with that deduced in 
Chapter VI by assuming permanent conditions in the circuit. 

The general equation (284) may, therefore, be written in the 
form 

i - Sinicot ~(p)+ e-(«-2L)e (^^V(«*-4L/C)/2L ^ ^^^4ViR^~iLIC)/2L^ 

. (287) 

The evaluation of the transient term of this equation is made 
according to whether i? is > = < 2 'v/(L/C').* Each case will be 
considered separately. 

Case I. R < 2 ^/(LjC), This case is more interesting than the 
others, as the conditions correspond to an oscillatory discharge 
when a condenser discharges through an indiKJtive resistance, the 
constants of which satisfy the above relationship, i.e. R^ < 41/ /(7. 
Denote \/(47v/C - R^)I2L by A. Then we may write 

^/(R^^4L|C)|2L^jX. 

Accordingly, the transient tf^rm becomes 

=r sin (Xt -f- (p') 

and equation (287) takes the form 

i = sin(o)^ - cp) A- sin(A7 4- p') (288) 

wliero tlui constants A\ (p\ include) the constants X3, A^^ and are 
to be determined from the initial conditions. 

As two constants are involved, we must have two equations 
connecting th(‘ initial conditions. One equation connects current 
and time ; the other connects charge (q) and time. The latter is 

obtained from the former, since q = Ji dl. Hence, by integrating 
equation (288) we havet 

7 = - COS{cot-(p) 

+ A'y'(W) 8in(A« + <p' + q>l • (289) 

where g?" ~ tair^ y^(4:LIC - R^) /R. 


* The quautity '^{LjC) is called tho “surge iiripedanco “ (sometimes the 
“ natural iinpedanco ”) of the circuit, and is of importance in connection with 
surges and similar disturbances. 


t Note, j' c** sin 6a; — ^ 


a sin hx-h cos bx ' 


a* + 6* 




sin 1 6a: - tan‘^(6/a)]> 


V(a* + «»■) 
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If the condenser is initially uncharged, then, at the instant (t^) 
of closing the circuit, t = 0, ^ = 0. Hence, substituting in 
equations (288), (289), we have 

0 = /^ sin (co/^ - 9 ?) 4 “ 
and 0 = - (ImM cos(a)<i - 9 ?) 

+ s-imm, A'^iLC) siniXt, + (p' + q>") 



Fig. 326. Wavk-forms of Initial. Cohrknt in Circuit, Containing 
Resistanck, Inductance, and Capacitance in Series 

[Note. — T he dotted sine curve, a, represents the current wave-forin corresponding 
to the steady-8tat«, or permanent, conditions.) 


Whence 


, , , /2 cot(w/i - 9’) I- v)CR\ 


• C^R^) 


A' <«/2i)(.sin 


\n{ajti - (p)lsm 


-( 


2 cot{o)t^ - (p) 4 " o)CR 

~a)^LC'-C^R^) 


)] 


2/ £(/t/27)t 


- -,„v/(4«' - Vlii) VK"™ - » - rt 

4 - \o}CR sin 2(a>/i - 9 ?) 4" 1 ] 
Substituting these values in equation (288), we have 
i — - I sin(a>^ - 9 ?) 

l)sin 2 (fD/j -<p) 4 - \(oCR^m 2(a>t^ - 4 - 1 ] 




sin - <,) + cot • - ( 200 ) 
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This equation shows that the initial wave-forms of the current 
may be of a very complex nature, and examples are given in 
Fig. 326. 

Case II. R == 2y/(LjC). This corresponds to the critical case 
for the discharge of a condenser through an inductive resistance as 
the discharge is then just non-oscillatory. 

The transient term of equation (287) now takes the form 

or + 

and accordingly equation (287) becomes 

i = I^ sin ((ot-(p) + E- J 3 + ^ 4O • • (291 ) 

The constants ^3, A^, must be determined from the initial 
conditions. 

By integrating equation (291) we obtain 

full = q ■— — - cos (ojl - w)-2 —e' (A 3 + ^14^ + 2 ~ ^44). 

J (X) K K 


If initially the condenscir is uncharged, then at the instant (^|) 
of closing the circuit, we have 

0 = /„ sin (w<i - (p) + (A^ + A^t{) e * 
and 0 = - ^cos {mli - cp) - ^j^A^ + A^{^^ 

whence ^3 = - /„« 

Ml - t ) 

R V R 

At = sin (cot, -<p)- 2"2; Mi - 9^) 




EXAMPLES 

This collection of examples includes questions set at the following 
exam inations — 

University of London, B.Sc. (Eng.)* — Reference L.IJ. 

Institution of Electrical Engineers, A.M.I.E.E. Examination — 
Reference I. EM. 

City and Guilds of London Institute, Electrical Engineering Practice 
— Reference C.G. 

The examples have been grouped according to subject matter and chapter. 

I.— GENERAL PRINCIPLES AND FORMS OF REPRESENTATION 
(CHAPTERS I AND II) 

1. Write down (a) the maximum value, (6) the root-mean-square value, 
(r) the frequency of the following — 

(1 ) 100 sin 500/ ; (2) (A -f R) sin (3a)/ - 0 ^) ; (3) P cos g)/ - Q sin o)/ ; 

(4) A sin {wt -f- tan"' hja). 

Write down also the phase difference with respect to B Bm{ujt-a) in 
cases (3) and (4). 

2. Plot curviis, in rectangular co-ordinates, for one cyiile of the quantities 
a - 10 sin(G)/ + 10°), 5 = 5 sin(a)/ - 30°), and determine graphically the curve 
representing the sum of these quantities. 

3. A sinusoidal current of 50 frequency has an R.M.S. value of 10 A. 
Write down the equation for the instantaneous value. If time is measured 
from a maximum positive value, what will bo the instantaneous value after 
a lapse of (a) 0*0025 sec., (b) 0*0125 sec.? At what time, measured from a 
positive maximum value, will the instantaneous value be 7*07A. ? 

4. A circuit consists of two portions, AB and BO. IIjc voH-age across 
A B is 00 V., that across BC is 100 V., and their phase difference is 45°. What 
is the voltage hetwo<in the terminals A and O, and what is its phase difference 
with respect to the voltage across BO. 

5. Define “ form factor ” in connection with alternating E.M.F. wave 
forms. Calculate this factor in the case of (i) a V-shaped wave, (ii) a sine 
wave. For what purposes is a knowledge of form factor required ? {L.U.) 

6. An alternating current has the following values after equal time intervals 
beginning at zero : 0, 3, 4, 4*5, 5*5, 8, 10, 0, 0, - 3, - 4, -4*5, - 5*5, - 8, - 10. 
- 6, 0. Find the R.M.S. value and form factor. 

7. Calculate the form factor of the wave-forms shown in the accompanying 

diagram. 


{a) (b) (c) id) 

8. Plot the E.M.F. represented by the equation e = 100 sin g)/ 13*4 sin 

3 wt. Determine (a) the R.M.S. value, (6) the mean value, (c) the form factor. 

9. Plot the E.M.F. represented by the equation e = 100 sin g;/ - 13*4 sin 

3 G)/, and determine the form factor. , 

10. Determine graphically the vector sum of 5 sin {wt -1- 1), 3 cos {wt - 1), 
2 sin {wt - 2*5), 4 sin {wt + 3), Express the result in the form A cos {wt -f- (p). 

11. Express in complex form the vector sum of 5 cos {wt -f 1), 3 sin {wt - 1), 
- 2 cos {wt - 2*5). 

12. Evaluate {10 -j- jS) (5 -j3) / (4 -^3). 

. 13. Show that if a conductor transmits simultaneously a sinusoidal 
• The Engineering Examination Papers of the University of London are published regularly 
by the University of London Press. 
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alternating current of maximum value and a direct current, Zj), the l^R loss 
in the conductor is equal to 4* of that which 

would be obtained if the two currents were transmitted over tlie same distance 
by separate conductors, the current densities being the same in the two cases. 

II.— INDUCTANCE (CHAPTER HI) 

1. Prove the relationship between irnprcjssed E.M.F and current for an 
inductive circuit which is carrying a sinusoidal alternating current. 

Such a circuit having a resistance of 15 Q. and an inductance of 0-03 H is 
connected to a 200 V., 50-cycle supply system. Determine the current and 
tlio phase difference between current and impressed E.M.F. 

2. An inductive circuit has a rt'sistance of 60 O. and an inductance of 
0*36 H., and is supplied at 220 V., 50 frtsquency. Calculate [a) tlie reactance 
of the circuit ; (6) the impedance ; (r) tlie current ; {d) the phase difference 
V)e tween impressed K.M.F. and current. 

3. An inductive coil wbeii connected to a 100 V., 50-cyclo supply takes a 
current of 1-3 A. When the coil is connected to a 24 V. D.C. supply the 
current is 1 A. Determine the inductance of the coil. 

4. An inductive coil, having R = 250 12., U = 1 H, is connected to 230 V., 
50-cycle mains. Calculate (J) the current; (2) the phase difference of this 
current with respect to the supply voltage; (3) the energy stored in the 
magnetic field of the coil at the instant when the supply voltage is (i) zero, 
(ii) a maximum. 

5. A voltage which follows the law e ^ ot (whore e is in volts and t in sec.) 
is applied to a reactor having an inductance of 0-5 H. and noghgiblo resistance. 
The connection is made when < = 0 and is broken when t ~~ 10. Find the 
K.M.S. value of the current during this period. Also find the energy stored in the 
reactor at the moment of switching off. Neglect all losses m the reactor. (L.U.) 

6. A low-voltage release consists of a solenoid into which an iron plunger 
is drawn against a spring. The resistance of the solenoid is 28*5 LI, When 
connected to 100 V. 60-cycle mains the current taken is at first 1-12 A., and 
falls to 0*43 A. when the plunger is drawn into the solenoid. Calculate the 
inductance of the solenoid and the maximum flux-tum linkages for both 
positions of the plunger. {L.U,) 

7. The reluctance of the core of a certain transformer is 0-002. Find the 
coefliciont of mutual inductance between the primary and secomlary coils 
which have 1 250 and 40 turns respectively, neglecting magnetic leakage. 

8. A solenoid is wound with 1068 turns in a length of 00-4 (uri. and is fitted 
with an internal search having 242 turns and a mean cross s(*ction of 16-2 
sq. cm., the search coil occupying a symmetrical position at the centre of the 
solenoid. Find tho E.M.F. induced in the search coil when an alternating 
current of 2 A. at 50 frequency is passed through the solenoid. 

9. A solenoid, 30 cm. long, has 300 turns uniformly distributed and is sup- 
plied with an alternating current of 2 A. at a frequency of 1000 c.p.s. A small 
single-layer coil of 50 turns, with an end area of 10 cm. is placed inside the 
solenoid near the middle. Calculate the mutual inductance of tho two coils 
and the E.M.F. induced in the snlaller one when their axes are parallel. The 
penneability of tho medium may bo taken as unity. {L.U,) 

10. Tho mutual inductive reactance between two similar circuits placed 
near together is 5 Each circuit alone has a resistance of 12 12. and a react- 
ance of 9 12. Wlien a current of 0*5 A. circulates in tlie closed secondary 
circuit, what is tho current in tho primary circuit? What voltage must be 
applied to the primary to establish this current? {L.U.) 

11. Two coils A, H, of impedance ZZ^ + jhiLj and R^ jeoL^ respectively 
aro so wound on a wooden core that their mutual inductance is J\d. Find ex- 
pressions for the currents in the coils when an alternating voltage V is estab- 
lished across coil A and coil B is closed by an impedance Z. How will these 
expressions be modified if the wooden core is replaced by iron? State any 
assumptions made. {L.U,) 
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12. Two wires are wound together on a core. At one end A the wires are 
connected together but the other ends B and C are kept separate. One end 
of a resistance R is connected to A, and between the other end, £>, of R and 
B a voltage of 100 V. at 50 c.p.s. is ^plied. D is also connected to C, 

If each coil has a resistance of 30 Cl. and on inductance of 0*5 H., and if the 
mutual inductance between the coils is 0-3 H., for what value of R will the 
currents in the coils be in exact phase opposition, and what will be the currents 
in the coils? (L.U.) 

111.— CONDENSERS AND CAPACITANCE (CHAPTER IV) 

1. Deduce an expression for the capacitance of a cylindrical condenser in 
terms of its dimensions and the specific inductive capacity of the dielectric. 

A condenser consists of two co-axial cylinders, the outer diameter of the 
inner cylinder being 3 cm. and the inner diameter of the outer cylinder 3*6 cm. 
If the tubes are 50 cm. long and the space between them is filled with bakelito 
having a specific inductive capacity of 4, calculate the capacitance. State the 
units in which the result is given. {L.U.) 

2. Calculate the capacitance of a 6-mile longbli of single-core cable for 
which the conductor diameter is 0-58 in., the thickness of insulation 0*18 in. 
and the dielectric constant 3. 

3. Compare the properties of (a) air, (6) waxed paper, (c) mica when used 
as the dielectric of a condenser. 

Calculate the capacitance of a condenser consisting of 49 metal sheets, each 
r> (5111. by 2 cm., the dielectric consisting of mica sheets (dielectric constant 
6-5) each 0*003 cm. thick. Assinne that the assembly is compressed until all 
air is expelled from between the plates. {L.U.) 

4. A condenser is made up of two parallel circular metal discs separated 
by throe layers of dielectric of equal thickness but having permittivities 
(diolootric constant) of 3, 4, and 5 respectively. The diameter of each disc 
IS 25*4 cm. and the distance between them is 6 mm. Calculate the potential 
gradient m each dielectric and the energy stored in each when a steady P.D. 
of 1500 V. is applied between the discs. Neglect fringing. {0.0.) 

{Note. Potential gradient - v<3ltage/thic5knes8 of dielectric.) 

5. A condenser of 20 />tF. capacitance is connected in series with a 100 fl. 
resistance to a 230 V., 50-cyclo supply. Calculate the energy stored in the 
electric field of the condenser at an instant when the supply voltage is a 
maximum. {L.U.) 

6. What is mimnt by the “ charging current ” of a condenser connected 
to an al ternating c iirrent s apply system ? Draw a d iagram showing relationship 
b(;t W(M^n charging (current and imjiresscd E.M.F. 

Calculate the charging current of a 15 fiF. condenser when supplied at 
220 V., 60 frequency. 

7. Two condensers having capacitances of 10 /^F. and 20 /^F. are connected 
(i) in parallel, (ii) in series, and the combination is supplied at 250 V., 50 
frequency. Doteriuino the line currents in each (sasc. 

8. Two condensers having capacitances of 0*06/^F. and 0*12/iF. are con- 
nected in series across a 2500 V., 50-cycle circuit. Calculate the voltage 
across each condenser. 

9. A condenser and a resistance are connecsted in series across 110 V., 
50-cycle mains. Calculate the capacitance of oho condenser in order that the 
resistance shall absorb 30 W. at 50 V. 

10. A coil having R~ 20 il. and L = 0*3 H. is connected in Series with a 
30 /uF. condenser to a supply of 230 V. at 50 c.p.s. 

Calculate (i) the current in the circuit, (ii) the voltage across the coil, (iii) the 
voltage across the condenser. 

IV.— POWER AND POWER FACTOR (CHAPTER V) 

.1. What is meant by the “ power factor ” of a circuit ? 

Show how the power factor of a circuit may be determined experimentally, 
and draw a diagram of connections. 
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Calculate the power factor of an inductive resistance which takes a current 
of 6 A. and a power of 100 W. at 100 V. 

2. What is the power factor of the circuit in Example 9 (III). 

3. Calculate the current in, and the power factor of, a circuit of which the 
resistance is 5 and the inductance is 0*01 H. when the supply pressure is 
200 V., 50 frequency. 

4. Calculate the power supplied to, and the power factor of, the circuit in 
Example 10 (III). 

.5. A circuit contains three coils, A, B, C, in series. When 1 A. direct 
current is passed through them, the voltage drop across each, taken in order, 
is 6, 2, 10. When an alternating current of 1 A. and of frequency 50 is 
passed, the voltages are 5*6, 6, and 11. Find the power factor, the power 
factor of each coil and the power dissipated in each coil. (L.U,) 

6. The voltage applied to a coil having R = 200 Q., L ~ 638 mH., is 
represented by c = 200 sin 100 rrL Find a cormsponding expression for the 
current and calculate the average value of the power taken by the coil. {I.E.E») 

7. The total load on a factory is 1000 kW. at a power factor of 0*95 
lagging. If 800 kW. of the load has a power factor of 0*8 lagging, what is the 
flower factor of the rernairiing portion of the load ? 

8. A load of 2500 kW. at a power factor of 0 8 is supplied by two alter- 
nators operating in parallel. If the output of one machine is 1000 kW. at 
a power factor of 0-95 lagging, at what output is the other machine operating V 

9. In what way does power factor affect the cost of electricity supply and 
the heating of cables? A substation, which is connected to the generating 
station by a single cable, supplies the ftillowing loads: 1500 kW. at 0*85 
power factor (lagging), 1000 kW. at 0*8 power factor (lagging), 1000 kW. at 
0*75 power factor (lagging). Determine the power factor of the supply to the 
substation and the load that could lie supplied through the cable at unity 
power factor and the same heating. (I.E.E,) 

V.— SERIES CIRCUITS (CHAPTER VI) 

1. Define the terms “admittance,*’ “conductance,” and “ susceptance.” 
with reference to alternating-current circuits. Calculate their respective 
values for a circuit consisting of a resistance of 20 II. in series with an 
inductance of 0*07 H. when the frequency is 50 cycles per second. {C.G.) 

2. A non-inductive 10 H. resistance. A, and an inductive coil, B, are con- 
nected in series across a 230 V. 60-cycle supply. The voltages across A and 
B are 108 V. and 171V. respectively. Find (a) the impedance, reactancti, 
inductance and resistance of the coil, (6) the total power, and (c) the power 
factor. (L,U.) 

3. Two incluctive resistances A and B are connected in series. A has 
R = Ty 12., L - 0*01 H. ; B has R = 3 II., L = 0 02 H. If a sinusoidal voltage 
of 230 V. at 50 frequency is applied to the whole, calculate (a) the current, 
(b) the power factor, (c) the voltage drops. Draw a complete vector diagram 
for the circuit. (I.E.E.) 

4. A constant reactance is connected in series with a variable resistance 
across A.O. mains. Prove tliat the current locus is a circle. Taking a constant 
reactance of 10 12. and an applied P.D. of 100 V., demonstrate the above 
theorem by drawing current vectors for a nurnlxir of values of the resistance 
between zero and infinity. What is the maximum power dissipated and at 
what value of the resistance does it occur? {C,G.) 

5. A coil, for which L = 0*3 H., if = 10 II., is connected in series with a 
variable resistance across a supply of 230 V., 50 frequency. Draw to scale 
the vector locus of the current when the resistance is varied from zero to 
infinity. Determine the value of the current when the variable resistance has 
values of (i) 15 H., (ii) 50 H., and (iii) 90 H. (L.U.) 

6. A 5 fiF. condenser is connected in series with a variable resistance 
across 230 V., 50-cycle mains. Draw the vector locus of the current as' R 
varies from 0 to x . For what value of R will the power taken from the mains 
be a maximum? (L.U.) 
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7. A condenser of 10/i F. capacitance is connected in series with a coil having 
an inductance of 250 mH. and a resistance of 400 An alternating E.M.F. 
of 100 V., sine wave-form, and 50 frequency is applied to this circuit. What 
current will flow through it. (L. V, ) 

8. An alternating-current circuit includes two sections, AB and BC^ in 
series. The section AB consists of two brandies in parallel. The first of 
these is formed of a non-inductive resistance of 60 O. in series with a condenser 
of 50 ^tF. ; while the second consists of a resistance of 60 Q. having an induc- 
tance of 250 mH. The section BC consists of a resistance of 100 having 
an inductance of 300 mH. The frequency is 50 cycles per second and the 
voltage across section AB is 500 V. What is the voltage across BC ? 
{L.U.) 

9. A series circuit connected to a 230 V., 50-cyclo supply consists of (1) a 
non-inductive resistance of 50 ^2., (2) on inductive coil for which i? — 15 Q., 
Zy = 0-1 H., (3) a condenser of capacitance O //F. Determine the value of C 
for which the voltage across the condenser is equal to that across the inductive 
coil. For this condition calculate (1) the current, (2) the power, (3) the power 
factor, (4) the voltages across the separate parts of the circuit. 

10. An inductive coil having a resistance of 35 and an inductance of 0-5 H. 
forms jiart of a series circuit, for which the resonance frequency is 55 cycles 
per second. If the suyiply frequency is 50 cycles and tlie voltage is 100 V.. 
determine (1) the lino current, (2) the jiower factor, and (3) the voltage across 
the inductive coil. 

11. A condtsnser, tlie losst's in which are negligible, is connected in series 
with an air choking coil having a self -inductance of 01 H. across the terminals 
of an aUcjrnator, the voltage of which is maintained constant at 100 V. The 
frequency is gradually increased until at 250 cycles jier second the current 
reaches a maximum value of 50 A. Calculate the capacitance of the condenser 
and the amrrief(?r reading at 200 cycles per second. (C.G.), 

12. A resistance, a condenser and a variable inductance are connected in 
series across a 200 V., 50-cycle supply. The maximum current which can be 
obtained by varying the inductance is 314 mA., and the voltage across the 
condenser is then 300 V. Calculate the capacitance of the condenser and the 
values of the iruluctance and resistance. {I.E.E.) 

1 3. A series circuit consists of a 20 fiV. condenser and an inductive coil. 
AVhen this circuit is supplied at a constant voltage of 10 V. and variable fre- 
quency the highest value of current which can be obtained on an ammeter 
connected in the circuit is 1 A., which occurs when the frequency is 50 c.p.s. 
Find the frequencies at which the current is (i) 0-5 A., (ii) 0*25A. 

14. A closed circuit consists of a resistance of 5 an inductance of 0*2 
mH. and a variable condenser connected in series. An E.M.F. of I V. at a fre- 
quency of 10®/27r is induced in the circuit. Draw the current locus as the capaci- 
tance of the condonsor is raised from 220 fifiF. below to 200 /n/iF. above the 
value corresponding to resonance. {L.U.) 

15. At a frequency for which co = 796 an E.M.F. of 6 V. sends a current of 
100 mA. through a certain circuit. When the frequency is raised so that 
ft) --= 2866, the same voltage sends only 50 inA. tlirough the same circuit. Of 
what does the circuit consist? {l.E.K.) 

16. A coil of inductance 20 mH. and resistance 2*2 fl. has applied to it an 
alternating E.M.F. of 50 frequency. Near the coil there is an eddy-current 
path of inductance 0*5 /iH. and resistance 50 The mutual inductance 
between this path and the coil is 10 //H. 

Find the percentage change in the equivalent resistance and inductfince of 
the coil caused by the eddy currents. {L.U.). 

17. A coil A, having i? = lOfl., L == 0*01 H., is placed near a short-cir- 
cuited coil, B, having = 20 O., L = 0*02 H. The mutual inductance 
between the coils is 0*006 H. If coil A is connected to a supply having a fre- 
quency of 1000 c.p.s., find its effective inductance and effective resistance. 

(L.V.) 
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18. A primary circuit, consisting of C — 0-0006 ^F., 22 == 45Q. 

is coupled magnetically with a closed secondary circuit, consisting of 
C =3 0-002 //F., L = 0-6 mH., 22 = 15 H. The mutual inductance is 1 inH. 
What is the effective series impedance of the primary circuit at a frequency of 
100 kc. p.8. f (I.E.jE.) 

19. TVo circuits, each of L = 2mH., 22 = 200 O., C =: 0-002 ^F., are 
coupled by a mutual inductance of 10 //H. At what frequency will an E.M.F. 
of I V. in one of the circuits produce maximum current in the otlier ? What 
will be the values of the current in each circuit ? (I.E.E.) 

VI.— PAKALLEL CIRCUITS (CHAPTER VI) 

1. Two inductive resistances, having reactances of 6 Q. and 2 0., and 
resistances of 3 O. and 4 O., respectively, are connected in parallel and 
supplied at 100 V. Calculate the lino current. 

2. Two circuits, tlie impedances of which are given by 8~j7, 5 f- yff, 
are connected in parallel across a 100 V. supply. Calculate the current 
passing through each circuit, and the total, or line, current. Find also the 
phase difference between the supply voltage and the currents. 

3. A 200 V., 60 cycle alternator is loaded with two choking coils which 
may bo connected either in series or parallel. One coil has a resistance of 
1-6 O. and an inductance of 60 inH. ; the other coil has a resistance of 2-5 Q. 
and an inductance of 30 rnH. Determine the current in 1h(? circuits and the 
power factor of the load (i) when the coils are conncctc'd in scries, (ii) when 
they are in parallel. 

4. A resistance, 22, and a condenser, (7, are eonnoctod in parallel aijross 
A.C. supply mains, the frequency being a)/27r. Obtain expressions for (1) the 
joint impedance, giving both the t.rigonomotric and symbolic forms, (2) the 
cosine of the angle of phase difference between the lino voltage and the lino 
current. Find the valutas of 22 and C which will give a lino current of 5 A. 
and a power factor of 0-8 when connected to a 230 V. 5()-cycle system. 

5. A capacitance, C, and a resistance, 22, arc m series across A.C. mains of 
frequency a)/27T. Find expressions for the values of an equivalent circuit con 
sisting of a capacitance K shunted by a resistance S. Taking 6’ = 2 /iF., 
22 = 800 and to = 500, draw vector diagrams in each case when the supply 
voltage 200 V. (L.U.) 

6. A supply at 200 V., 50 cycles is applied to two circuits in parallel. One 
of these takes a current expressed by 10 /-30° A. The other circuit consists of a 
condenser of 10 fiF. 

Express as complex quantities (a) the current from the supply ; (6) the com- 
bined impedance of the two circuits. {L.U,) 

7. A voltage, having a frequency of 50 c.p.s. and expressed by V = 200 
+ jlOOy is applied to a circuit consisting of an impedance of 50 / 30® Q, in 
parallel with a capacitance of lOyuF. Find (a) the reading on an ammeter 
connected in the supply circuit, (5) the phase difference between the current 
and the voltage. (L.U.) 

8. A voltage of 200 / 30° V, is applied to two circuits A and B connected 
in parallel. The current in A is 20 / 60® A, and tliat in B is 40 / - 30° A. Find 
the kVA. and kW. in each branch circuit and the main circuit. Express the 
current in the main circuit in the form A + jB. {C.O.) 

9. The two branches of a parallel circuit consist of (i) an inductive resistance, 
and (ii) a shunted condenser connected in series with an inductionless resis- 
tance. The inductive resistance has an impedance of 60 Q. and the ratio of 
reactance to resistance is 3. The condenser has a capacitance of 10 //F., and is 
shunted by a resistance of 0-1 megohm. The value of the inductionless 
resistance connected in scries with the shunted condenser is 100 The 
supply pressure is 200 V., and the frequency is 50 cycles per second. 

Determine (a) the current in the two branches, (6) the line current, (c) the 
power supplied. 
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10. A circuit, having i£ 10 H. and L =- 0*04 H., is connected in parallel 
with a 100 yuF. condenser across 230 V., GO-cyclo mains. Calculate (1) the 
current in each branch circuit, (2) the phase difference between these currents, 
(3) the line current, (4) the power taken fi-om the supply, (5) the power factor. 

11. A condenser is placed in parallel with two inductive loads, one of 20 A. 

at 30® lag, and one of 40 A. at 60® lag. What must be the current in the 
condenser so that the current from the extt^rnal circuit shall be at unity 
power factor ? (C.Q.) 

12. A resistance of 23 Q., an inductive coil {L — 0-4 H, R -■= 13 0.),anda 
90 fiF. condenser are connected in parallel across a 230 V., 50-cycle supply. 
Find the values of (o) the total current, (6) the current in the condenser, (c) the 
current in the inductive coil at the instants when the current in the resistance 
is 8A. (L.U.) 

13. A coil tuned by a condenser C is loosely coupled to a high-frequency 
generator. The values of C to produce resonance at frequencies of 1 and 1-4 
megacycles per sec. are 800 and 400/i/^F. respectively. Find the self-capaci- 
tance of the coil. {I.E.E.) 

14. An air-cored choking coil is subjected to an alternating voltage of 

100 V. The current taken is 0-1 A. and the power factor 0*2 when the 
frequency is 50. Find the capacitance which, if placed in jiarallel with th(^ coil, 
will cause the main current to bo a minimum. What will bo the impedance 
of tliis parallel combination {a) for currents of frequency 50, (b) for currents of 
frequency 40 ? (L.U.) 

16. Show how condensers arc connected for improving pow’^er factor. It is 
desired to install a condens(*r to obtain 200 kVA. (leading) on a 600 V, 
system at a frequency of 50 cycles per second. If each element has a capaci- 
tance of 1 ^F., how many elements will be needed ? 

16. Two impedances, 4 -f- j5y and 8 -{• jtO, are connected in parallel across 
200 V., 50-froquoncy mains. Find (a) the admittance, conductance and 
suscoptance of oac.h branch, and of the entire circuit; (/>) the total current 
and its power factor. 

What value of capacitance must bo connected in parallel wit-h the combina- 
tion to raise the resultant power factor to unity? {C.G.) 

17 A single- phase motor lakes a current of 80 A. on full -load when its 
power factor is 0-8,3. What capacitance must he placed in parallel with it to 
make the power factor unity upon a 500 V., 50 frequency circuit ? (L.U.) 

18. 'Che load on a single-phase alternating-current supply system is lOO kW. 
at a power factor of 0-71 (lagging). If phase advancing apparatus is available 
for parallel connection, taking leading current at a pow(>r factor of O-l, what 
must bo its load in kVA. if the power factor of the whole system is to be 
raised to (a) 0-8, (b) 0-9, and (r) 0-95. 

19. A 60h.p., smgle-phase, 440 V., 50-cycle induction motor has a full- 
load efficiency of 90 per cent, and a full-Ioad power factor of 0-89 (lagging). 
This machine is shunted with a condenser in order to bring up the resultant 
power factor to 0-9.5 (lagging). Assuming zero power factor in the condenser, 
calculate its capacitance. {L.U.) 

20. A coil, with Z ^ 20 jSO H., has induced in it an K.M.F. of 10 V. 
Across the coil arc connected two circuits in parallel, the impedances of which 
are 100 jO and 60-j40j respectively. Find the current which flow's in the 
coil. {I.E.E.) 

/ 

VII.— SERIES-PAHALLKL CIRCUITS (CHAPTER VI) 

1. An alternating E.M.F. of 230 V. at 1000 c.p.s. is applied to a circuit con- 
sisting of a non-inductive resistance in series witli a 0-05 yuF. condenser. When 
an electrostatic voltmeter is connected across the condenser a reading of 100 V. 
is obtained. If the capacitance, in /iF., of the voltmeter is given by 


C ^ lO"* + 5 X 10-« F*. 
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whero V is the voltage at the terminals of the instrument, find the current 
in the circuit when the voltmeter is disconnected. (L.U.) 

2. Two reactive circuits when carrying 60*cycle currents have the same 

impedance and also the same power factor (= The first circuit con- 

sists of a condenser shunted by a resistance of 200 O. The second circuit 
consists of a choking coil. Find (1) the capacitance of the condenser, and (2) 
the inductance and resistance of the choking coil. If those circuits are placed 
in series across 400 V., 50-cyclo mains, draw a vector diagram for the voltages 
and currents. (l.E.E.) 

3. A circuit, consisting of a condenser in series with a resistance of 10 O., 
is connected in parallel with a coil, having L = 55*2 mil. and li — 1012., 
to a 1 00 V. 50-cyclo supply. Calculate the value of the capacitance for which 
the current taken from the supply is in phase with the voltage. Show that 
for the particular values given tho supply current is independent of the 
frequency. {L.U.) 

4. A coil, having E = 100 Q., L — 0-04 H., is connected in series with a 
100012. resistance which is shunted by a condenser. Determine the capaci- 
tance of the condenser if the current in the coil is to be closely independent 
of frequency between 0 and lOOc.p.s., and state tho alteration in the current 
when tho frequency is 2000 c.p.s. {I.E.E.) 

5. Three impedances A, /?, C, have constants as follows: .4 - resistance 

5012., series inductance -- 0*111.; - resistance ~ 2012., series in- 

ductance — 0*4 H. ; C - Hesistanco — 20 12., series capacitance = 200 /iF. 

A and E are connected in parallel and C is connected in series with the com- 
bination. Find tho current taken from a 100 V. 50-cyclo supply system. {L.U.) 

6. A series-parallel circuit consists of two parallel branches -4, Bj and a 
series branch 0. 

The branch impedances are; -• 10 -}- j8y Zjj ----- 9 = 3 j2. 

Determine the current in A and B when tho voltage across C is 100 (I -f- jO). 
Determine also tho jihase difference between these currents. {L.U.) 

I. A circuit includes two sections AB and BC in series. The se(;tion AB 
consists of two branches in parallel, one having R — (50 12. and C = 60/iF. in 
senes, and the other having /? = 00 12. and L — 260 iriTT. in series. The section 
BC has R = 100 £2, and L 300 mH. m senes. If tho voltage across AB is 
500 V. at 50 c.p.s., what is the voltage across BO? {l.K.E.) 

8. A series-parallel circuit, consisting of a sorios impedance and two 
parallel -connected impedaiK^os Zj, Zg, is supplied at 100 V., 50 c.p.s. If 
z, X + j4, Z r. 8 4- jO, Zg = 5 jS, find the locus of the lino current as 
X varies from 0 to OC. From the locals read off the value of the current when 
;«: = 412. {L.U.) 

9. A resistance of 3 12. and a capac.itive reactance of 5 12. are in parallel and 
this combination is in series with an inductive reactance of 7 Q. The whole 
is shunted by a resistance of 4 Q. Find in symbolic notation the impedance 
of the whole circuit. {L.U.) 

10. The arms of a T-network A3G ~BD are as follow : AB and BC each 
consist of a coil for which R = 4012., L -= 4 mH. ; BD consists of a 10 /xF. 
condenser. Across A and D is established a P.I). of 6 V. at a frequency of 
796 c.p.s. I'ind the current in a resistance of 40 12. connected across C and D, 
and its phase angle with regard to the applied voltage. {I.E.E.) 

II. An inductive coil, for which R — 300 12., L = 0*7 H., is shunted by a 
resistance R^ and the combination is connected in series with a 15juF. con- 
denser across a 230 V, 50-cyclo supply. Find the value of R^ which gives zero 
phase difference between line voltage and line current. Find also the line 
current under these conditions and the voltage at the terminals of the 
condenser. 

12. A circuit, A, consisting of a condenser C shunted by a resistance i?, 
is connected in series with another circuit, B, consisting of an inductive coil 
(L = 0*05 H., R 5 Q.) shunted by a 100 12. resistance, and the combination 
is supplied at 230 V., 60 c.p.s. Find the values of R and C in order that the 
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voltages across A and B shall have a phase difference of 00° and that the 
voltage across B shall be four times that across A . 

13. For a certain A.C. experiment it is necessary to have a circuit through 
which the current is maintained constant while the power factor is varied. 
For this purpose a coil, having L = 7 mH. and Ji negligible, is connected in 
parallel with a 0 - 20 U. \^ariable resistance i?i, and a second variable resist- 
ance, is connected in series with the combination. Give a vector diagram 
and determine the range required for to maintain a constant line current 
of 40 A. when R^ is varied from 0 to 20 O., the voltage across the whole circuit 
being maintained constant at 100 V., .50 c.p.s. What will bo the maximum 
and minimum power factor under these conditions ? {L. U.) 

14. A coil (£/ = 2mH., R = 8 0.) is connected in series with a circuit 
consisting of a resistance of 12 0. in parallel with a variable condenser. The 
combination is supplied at a constant voltage of 40 V. and a frequency for 
which G> = 6000. 

Draw the vector current-locus and explain its theory. From the locus 
diagram read the currents when the capacitance of the condenser has values 
of 6 and 2.5 jliF. (L.U.) 

VIII.— SINGL^J-PHASE TRANSFORMERS (CHAPTER VIII) 

1. A transformer has its jirimary winding connected to mains whose 
voltage varies according to tlio sine law at a frequency of 60. The secondary 
coil has 60 turns and gives 100 V. when on open circuit. 'The section of the 
transforriKT core is 20 sq. in. Determine the maximum value of the flux 
density in the core. Prove th<^ formula usiul. {L.V.) 

2. Draw a vector diagram for a transformer, showing the phase relations 
between the primary and secondary voltages and currents. A single-phase 
transformer with a ratio 6600/400 takes a no-loacl current of 0-7 A. at 0*24 
power factor. If the secondary supplies a current of 120 A. at 0*8 power 
factor (lagging) estimate the current taken by the primary. (I.E.E.) 

3. Explain what is meant by {a) equivalent resistanci^, (6) leakage reactance 
of a transforrrmr. Calculate these values from the following test figures 
obtained on the jirirnary side of a step-dovm transformer, the secondary being 
short-circuited. Apjjlied P. D. 40 V., current 60 A., power input 800 W. (C.O.) 

4. A .50-cycle single-phase transformer has a ratio of transformation of 
6 to 1 and a full -load secondary current of 200 A. The resistance and 
reactance of the primary arc 0-8 and 2-6 Q. respectively, and the corre- 
sponding values for the secondary are ()'04 ii. and 0*1 1^. If Ihe low-voJtage 
winding is short-circuited, what voltagi^ must bo applied to the otlu'r winding 
so that full -load (uirrent may be obtained m the former ? Neglect the 
no-load current. {L.U.) 

5. A lOkVA., 2000/200 V. transformer was tested (i) with the secondary 
winding open circuited, (ii) with the secondary winding short circuited, and 
the results were as follow, all readings being taken on the primary (2000 V. 
side) — 

(i) Open circuit test — 2000 V., 0*2 A., 280 W. ; (ii) short circuit test — 150 V., 
6*0 A.. 225 W. 

Explain the meaning of these results and the information which can be 
deduced from thorn. 

How would the above readings bo modified if tho tests had been carried 
out by applying suitable voltages to the secondary winding, ^tho primary 
winding being short circuited in the second test? {L.U.) 

6. A 1000 kVA., single-phase, 60-cycle transformer has a full-load secondary 
current of 2600 A., and the ratio of transformation is 6/1. The resistances of 
the primary and secondary are 0 04 li. and 0*0015 Q. respectively, and the 
corresponding reactances are 0*25 Q. and 0*08 D. What voltage applied to 
the secondary terminals will cause full-load current to circulate in the short- 
circuited primary windings. {L.U.) 

7. Develop a simple expression for the pressure-drop in a transformer 

37 — (T.3345) 
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If the copper loss in a transformer is 1 per cent of the full load output at unity 
power factor, and the inductive pressure is 3 per cent of the normal pressure, 
find the regulation at f ulldoad when the power factor is 0*8. [C.G. ) 

8. Draw and explain the complete vector diagram for a transformer supply- 
ing a lagging load, and give a graphical construction for obtaining the voltage 
regulation for full-load current and various lagging and leading power factors. 

A transformer has a reactive drop of 4 per cent and a resistance drop of 
2 per cent. Find thp lagging power factor at which the voltage change is a 
maximum and the value of this regulation. {(J.G.) 

9. Show that an A.C. transformer has a maximum efficiency when the 
copper loss is equal to the iron loss. A 100 kVA. transformer has a full-load 
copper loss of 2500 W. and an iron loss of 1600 W. If the transformer supplies 
a load of 0-8 power factor calculate (i) the efficiency at full load, (li) the maxi- 
mum efficiency and the corresponding load. (L.U.) 

10. A 20 kVA. singlo-pliase transformer, ratio 1 100/220 V., has an iron loss 
of 200 W. The resistance of the primary winding is 0-25 12. and that fif the 
secondary is 0-012 0.: the corresponding leakage reactances are 1*1 fl. and 
0-055 Q. TOSfiectively. Calculate the periiontage resistance and reactance 
drops at full load 0-8 power factor. At what percentage of full load will the 
efficiency bo a maximum ? (I.E.E.) 

11. Deduce the conditions under whicli (i) the efficiency of a transformer 
is a maximum, (ii) the power factor at whicli the voltage drop is a maximum. 
A transformer has voltage drops of 1-5 per cent and 4 per cent of its rated 
voltage due to resistance and leakage reactance respectively. Calculate (a) 
the maximum percentage voltage drop on full load, (h) the efficiency on half 
load at unity power factor if tho iron losses are equal to the copper losses at 
full load. (C.G.) 

12. Give the rules which govern tho parallel operation of transformers. Two 
transformers A and B give tho following results: with the l.-v. side short- 
circuited A takes a current of 10 A. when 200 V. is applied to tho h.-v. side, 
the power input being 1000 W. Similarly, B takes .30 A. at 200 V\, the power 
input being 1500 W. On open circuit both transformers gave a voltage of 
2 200 V. on the l.-v. si<le when 11,000 V. was appheil to the li.-v. side. These 
transformers are connected in parallel on both sides, the h.-v. side being 
supplied at 1 1,000 V. Calculate the ciirniiit and power supplioil by each 
transformer to a load rciquiring 200 A. at 0-8 power factor (lagging). Neglect 
the no-load imrrents of the transformers. {L.U.) 

13. Two transformers, .1 and B, of equal rating share a lead of ISOkW. 
at 0-9 power factor (lagging). At full -load tlui voltage droj> due to resistance 
in transformer /I is 1 ])er cent of the normal terminal voltage, and that due 
to reactance 6 per cent, Tho corresponding tigiin-s for transformer 71 arc 
2 per cent and 5 jkt cent resiiec lively. F ind the load in kW. on each 
transformer. (L.U.) 

14. Two transformers, A and /?, have a ratio of transformation of 3300 
to 220. When run on sliort circuit, A took 600 W. at 100 V. on the primary 
to make 230 A. flow in the soeoriflary ; B took 1 100 W. at 80 V. to make tho 
same current (230 A.) flow in its 'secondary. The two Iraiisformors are run 
in parallel on tlu* same jirimary and secondary bus- bars, with a total load of 
100 kW. at 0 8 yjower factor. Find approximately how the load will be 
divided between the transformers. (L.U.) 

15. Three transformers of equal ratings share a load of 200 kVA. at 0-8 
power factor. Calculate the loadings if the voltage drops due to resistance 
and leakage reactance at full load are : 2 per cent (lil) and 4 per cent (XI) for 
transformer A, 2 per cent (BI) and 6 per cent (XI) for transformer B, 2-5 
per cent (RI) and 8 per cent (A'i) for transformer C. 

lX.—rOLYPHASE CIRCUITS (CHAPTER IX) 

1. A balanced A-connectod load, connected to a 400 V., three-phase system, 
takes lOkVA. at 0-8 power factor. Calculate the resistance of each branch 
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of a balanced Y-conriected non-inductive load which, when connected to the 
same supply, will take the same power. 

2. Three resistances each of 500 Q. are connected in star to a 400 V., 
50-cycle, three-phase supply. If three condensers, when connected in A to 
the same supply, take the same line currents, calculate the capacitance of 
each condenser and the line currents. (L.U.) 

3. A three-phase induction motor is supplied from n)ains at 440 volts, 

tt is coupled to a pump taking 50 B.H.P. The efficiency of the motor is 
92 per cent and its power factor is 90 per cent. Wliat is the current in each 
phase ? {C.G.) 

4. Explain, with the aid of vector and connection diagrams, how jmu would 
measure the power input t o a three-phase motor. The readings of two watt- 
meters properly connected for this tt)st are respectively 2*5 kW. and 0*25 kW., 
the latter reading being obtained after reversing the connections of the 
current coil. Find the power and power factor. (C.G.) 

5. Two three-phase alternators are running in parallel and supplying power 
to a transmission line symmetrically loaded. Two wattmeters properly 
connected give rt^adings of 300 and 900 kW. respectively, and both wattmeter 
dollections follow the variations of the load. The readings of ammeters 
conne<!tcid in the line and in the circuits of the two alternators are in the 
ratio 5:3: 4. ])otormine how much load each alh^rnator i.s taking, and the 
readings that would be indicated by each of four wattmeters properly 
connected in ])airs in the circuit of each alternator. (Ij.lJ.) 

0. Plot a graph showing the variation in power faiitor with the ratio of 
the watt^rnetors readings in throe-phase power measurements by two watt- 
meters when the load is balanced. 

The power input to a 2000 V., 50-cycle three-phase motor running on 
full load at an efficiency of 90 per cent is measured by two wattmeters which 
indicate 300 k\V. and 1 00 kW. respectively. Calculate (a) the input, (6) the 
power factor, (c) the lino current, (d) the liorso-powor output. (l.E.E.) 

7. A 20-h.p., 500 V., three-phase induction motor is working at full load 
from supply mains at normal voltage and frequency. Under these conditions 
the power factor of the motor is 0*87 and th(' efficiency is 89 per cent. Two 
wattmeters are connected in the circuit as follows. Both curreuit coils are 
connected in senes with each other in supjily main R. One end of each pressure 
coil is connected to supply main 7?, the other ends being connected to supply 
mains B and Y respectively. Find the readings of each instrument. It can 
be assumed that the motor currents are balanced. (L.U.) 

8. 7Vo threc-f)base gcjiicrators oiierating in parallel supply a non inductive 
load of 500 kW. at 3,300 volts. If tJie output from one machine is 200 kW. 
at 0*75 power factor, lagging, what is tlie output from the other machine. 
(LAI.) 

9. A 440 V., 50-cy(do induction motor takes a line current of 45 A. at a 
pow(^r factor of 0-8 (lagging). Three A-conneetod condensers are installed 
to imprtive the power factor to 0*95 (lagging). Calculate the kVA. of the con- 
denser bank, and the capacitance of each condenser. State the conditions 
which determine the most economical power factor at which to operate a 
motor. (l.E.E.) 

X.— TRANSMISSION LINES AND CABLES (CHAPTER X) 

1. A system supplies a load which varies in a period of 24 hours as follows: 
6 a.m. to 12 noon, 1000 kW.; 12 noon to 1 p.m. 100 kW ; 1 p.m. to 6 p.m. 
1000 kW. ; 6 p.m. to 6 a.m., 300 kW. 

The energy is transmitted over a line in which the losses at full load (i.e. 
1000 kW.) are 6 kW., and is transformed by a transformer having a no-load 
loss of 6 kW. and a copper loss (at an output of 1000 kW.) of 8 kW. Calculate 
the total energy losses in transmission and conversion during the period of 
24 hours. (l.E.E.) 

2. An alternator supplies current to two single-phase motors located some 
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distance apart, each motor taking 7-5 kW. at a power i actor of 0*8. The 
resistance of the lino wires between the alternator and one motor is 0-2 O. 
and that of the lino wires between the motors is also 0-2 Q. Determine the 
voltage at the alternator in order that the voltage at the further motor may 
be 100 V. 

3. A single-phase load of 200 kVA. is delivered at 2500 V. over a trans- 
mission line having ~ 1*4 U., X — 0*8 Calculate the current, voltage, 
and power-factor at the sending end when the power factor of the load is (a) 
unity, (6) 0-8, lagging, (c) 0-8 leading. (l.E.E.) 

4. Explain, with the aid of a vector diagram the effect of power factor 
upon the voltage drop in a transmission line. A line, having It — 0-05 f}., 
X = 0*07 Q., delivers 10 kW. at 230 V., 0-8 power factor (lagging). Calculate 
the voltage regulation and the efficiency of the transmission. (L.U.) 

5. Determine the necessary cros8-sc*ctiou of each wire of a tliree-pliase 
transmission line, 2 mile^ in length, designed 1o deliver 500 kW. at 6000 V., 
unity power factor and 95 per cent (efficiency. The specific resistance of the 
material used is 0-7 microhm per inch cube. {L.IL) 

6. A three-phase supply at 400 V., 50 frequency, and 0-9 power factor 
is required for a factory 1-3 miles from a generating station. The total power 
at the factory is 500 kW. If the voltage lost in tTansmission is 10 j)er cent of 
the received voltage, caleulafo the necessary cross-s»‘ction of each conductor. 
Assume the resistance of a cable 1 mile long and 1 sip in. in cross-section is 
0-43 The effects of inductance and ca]iacil once may be neglected (L.U.) 

7. Show that whi^n the fall of voltage duo to resistances and rcactanrjo is 
small com])ared with the line voltagt^, the fall of voltage along a three-jihase 
transmission line per arniicro ))cr mile is given by the expression \/3(H cos(p 
+ X sing?), where It is the resistance per mile of conductor, X the r(*actance 
per mile of conductor, and cos ff the power factor of the load. 

Find the fall of voltage along a tliree-pliasi' transmission line, the line 
pressurt' at the load being 30,000 V. and the length of the lino being 30 miles, 
when 5000 kVA. are delivered at a power factor of 0*8, the current lagging. 
The resistance and reactance jicr mile are 0-72 t'2. and O-G respectively, 
(b.r.) 

8. Prove that in a symmetrically arranged tlircc-phase transmission line 
the inductive drop and resistance drop liotween any two wires is the same as 
that which would occur if half the total power were trunsmitUid at the same 
voltagi? and frecpicncy along two of the wires. 

An overhead thrceqihase line consists of three wdres, each 0-8 in. in diameter, 
s]>aced 4 ft. apart. Tlie current flowing per wire is 300 A. at 50 cycles. 
Calculate the resistance and inductive (irop per mile of line ; the sjiecific 
resistance of copper is 0*07 microhm jier inch cube. {L.U.) 

9. What load at 0-8 powm* factor, lagging, can bo delivered by a three- 
phase lino 5 miles long with a ])ressuro drop of 10 per cent. I’lie station 
voltage is 11,000 V., and the resistance and reactance per mile of lino are 
0*09 Q. and 0-08 1^. respectively. {C.G.) 

10. 15,000 kVA. is received at'33 kV., 0-85 power factor (lagging) over an 
8-mile three-phase overhead lino*. Each line has i? = 0*29 Q. per mile and 
X = 0*05 n. per mile. Calculate (a) the voltage at the sending end, (6) the 
power lost in the line, (c) tlie percentage regulation. (I.E.E.) 

Calculate also (d) the efficiency of transmission, (e) the power factor at the 
sending end of tlie line, (/) the power input to the sending end of the line. 

11. A tliroo-phase, 50-cycJe, generating station supplies an inductive load 
of 6000 kW. at a power factor of 0-7 by means of an overhead transmission 
line 5 miles long, with conductors symmetrically arranged. The resistance 
per mile of each wire is 0-61 Q., and the self -inductance per mile of the loop 
formed by any two conductors taken togetlier is 0*0035 H. The pressure at 
the receiving end is maintained constant at 10,000 V. If a condenser is 
connected across the load to increase the power factor at the receiving end 
from 0*7 to 0*9, calculate (a) the value of capacitance required per phase, 
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(6) tho station voltage when the condenser is in use, (c) the station voltage 
when the condenser is disconnected. {C.O.) 

12. A transmission line worked at 11 kV. between phases has a resistance 
per phase of 8 Cl. and a reactance per phase to neutral of 11 It supplies 
a load having a power factor of 0*8 (lagging). The frequency is 60 c.p.s. A 
26 fjiF. condenser is connected at tho receiving end of the line between each 
phase and the neutral. At what kW. load will the regulation bo zero ? {L.U.) 

1 3. Draw and explain the vector diagram for a transmission lino assuming 
that half tho line capacitance is concentrated at each end of tho line. 

A 60-frequency, three-phaso line, 100 km. long, delivers a load of 40,000 
kVA. at 1 10 kV. and a lagging power factor of 0-7. Tho line constants (line to 
neutral values) are : resistance, 1 1 D. ; inductive reactance, 38 Q. ; capacitive 
susceptanco, 3 X 10“^ mho. P'ind tho sentlirig-end voltage, current, power 
factor and power input. (C.O.) 

14. A three-phase, 60-cyclo transmission lino is 60 miles long and delivers 
2500 kW. at 30 kV., 0*8 power factor (lagging). Calculate tho voltage at the 
generator end of tho lino if each conductor has R = 0-4 O. and X -= 0-5 Q. 
per mile. If an extra load consisting of condensers having C = 1-6 fi F. to neutral 
18 connected at tho middle of the line, calculate tho voltage at the generator 
end. (L.U.) 

16. A three-phase load of 9000 kVA. at 0*9 power factor (lagging) is received 
at 60 kV. and 60 c.p.s. from an overhead transmission feeder 60 miles long, 
for which R ™ 0-67 il., X = 0-67 D. per conductor per mile, and tho capaci- 
tance to neutral is 0 01 4 /^F. per mile. Calculate the voltage and the power 
factor at the sending end of the lino. (L.U.) 

16. A three-phase load of 500 kW., at 11 kV., 0*8 power factor (lagging), is 
supplied by two overhead lines A and B operating in parallel. The resistance 
and reactance per <*ondu(5t()r are : 4 fl. and 6 respectively for line A, and 4 12. 
and 2 D. respectively for lino B. Calculate accurately the current and the 
power supplied to the load by each overhead line. (L.U.) 

17. A substation receives 10,000 kW. from a central distributing station 
by means of duplicate overhead three-phase lines operating in parallel. The 
lines follow different routes. For line R = 16 il., X ■- 16 12. per con- 
ductor; and for lino R — 1312., X -= 15 D. per conductor. Tho voltage 
at tho distributing station is 66 kV. and the power factor at the substation 
is 0-8 (lag). Calculate the current in each transmission line. (L.U.) 

18. Two parallel three-phase feeders, A and B, supply 600 kW. at unity 
power factor, and 160 kW. at 0*8 power fa<!tor (lagging) respectively, a voltage 
lioing injected into each lino of feeder B. The constants per line are : 
A, H = M 12., X ~ 212. ; B, R ^ 0-912., X = 1-8 12. Find the injected 
voltage in terms of the receiving-end line voltage, and its phase difference 
with respect to tho current in B. (L.U.) 

19. A three-phase load at 0-8 power factor (lagging) is supplied at 10 kV. 
througli a transmission line A fed by two other transmission lines B and G 
which are connected in parallel. Calculate the voltage at tho generator end 
of B anti G when the current in I? is 100 A. Calculate also its phase relationship 
to the voltage at the load. The resistances per conductor are: A, 1 i2. ; 

2 D. ; C, 2 12. ; and the reactances per conductor are : A, 2 D. ; B, 4 Q. ; 
C, 6 0. (L.U.) 

20. A three-phase transmission line 20 miles long delivers 1000 kW. at 
30 kV., 0-8 power factor (lagging). Calculate tho voltage at the/gonerator end 
if the resistance and reactance per mile of conductor are 1-25 12. and 0-6 12. 
respectively. 

If a 30/10 kV. transformer is connected at the end of this line, calculate 
the voltage at tho generator end of the lino if the load of 1000 kW. at 0-8 
power factor is delivered at tho secondary side of the transformer at 10 kV. 
.Referred to the neutral on the secondary side the equivalent resistance and 
reactance of the transformer are 0-8 Q. and 2-5 12. respectively. (L.U.) 

21. A three-phase transmission line is 40 miles long. Each conductor has 
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a resistance of 0-4 Q. per mile and a reactance of 0*6 per mile. It is fed 
at one end through a step-up transformer for which the ratio of transformation 
is 1 : 3» the equivalent resistance per phase referred to the secondary is 2 O., 
and the equivalent reactance per phase referred to the secondary is 8 Q. 

The voltage and current at the mid-point of the lino are 33 kV. (between 
lines) and 100 A. respectively, the power factor being 0-8 (lagging). Calculate 
(a) the voltage at the low- voltage terminals of the transformer, (6) the 
equivalent resistance and reactance “to neutral” of the load at the end of 
the line. (L.U.) 

22. Compare the woiglits of copper required in a cable transmission system 
utilizing (a) constant direct current, (b) single-phase, (c) three-phase three- 
wires. Assume the same transmitted power and maximum voltage between 
conductors, and the same percentage loss in each case. Assume also unity 
power factor and balanced load. (I.E.tJ.) 

23. The measured capacitance between any two cores of aihree-phase cable 
is 5/i F. Calculate how many kVA. are needed to keep the cable charged 
when connected to 10,000 V., 50 cycle, three-phase bus-bars. {(J.G.) 

24. In a symmetrical three-core, three-phase cable with earthed sheath, 
the capacitances per mile are 0*1 //F. between sheath and bunched con- 
ductors; 012 /iF. between one conductor and the other two joined to the 
sheath. If the length of the cable is 10 miles, the lino voltage 33,000, and the 
frequency 50, calculate the charging current in each core. (i.E.E.) 

25. An overhead three-phase transmission lino is 105 miles long and has a 
characteristic impedance of 450/-lf>'^ Q. at 50 c.p.s. and a propagation con- 
stant of 1-9 X l0~®/75® per mile. What must bo the voltage at the generating 
end if the voltage at the receiving end is 132 kV. with a load of 20,000 kW. 
at unity power factor ? (L.U.) 

26. Fxplain how tho jinmary constants of a long transmission lino may be 
found from measurements of the impedance of tho lino. Calculate tho resist- 
ance, inductance and capacitance per mile of a 50-cycle overhead lino J75 
miles long, the tnoasured impedances of which are 1500 /- 75” li. on open 
circuit, and 150 /45° on short circuit. (L.U.) 

XI. ALTKUNATORS (CHATTER XI) 

1. Prove that the frequency, /, of the FhM.F. generated by an alternator 
having p pole-pairs and running at n r.p.s. is given by / pn. The field 
system of a 50-cycle alternator has a sinusoidal flux per jiole of 10’ 
lines. Calculate the E.M.F. generated in one turn which spans § of a pole 
pitch. (L.U.) 

2. A single-phase alternator has 20 poles, 6 stator slots per pole, and the 
stator winding consists of full-pitch coils. With all slots wound, 10 conductors 
in each slot, the alternator is run at 300 r.p.in. with its fields excited to give 
a flux of 10’ linos per pole. Calculate the generated voltage in the stator 
winding. 

If this voltage is applied to tho primary winding of a transformer which has 
1000 turns, calculate the maximum value of the flux in the transformer core. 
Prove any formula used. (L.U.) 

3. Explain tho effect on tho R.M.S. value of the E.M.F. of an alternator of 
distributing the armature coils and of skewing the armature slots. Define 
distribution factor (or breadth coefficient) and calculate its value for a three- 
phase, single-layer winding with 3 slots per pole per phase. Assume a sinu- 
soidal flux distribution. (C.G.) 

4. Calculate the “ winding distribution factor ” (or “ breadth coefficient ”) 
for the winding of a single-phase alternator having four full -pitch coils per 
pair of poles located in slots 16® apart, the flux distribution in the air gap 
being sinusoidal. 

6. Deduce an expression for the distribution factor for the nth harmonic 
of the induced E.M.F., in a winding occupying g' slots per pole per phase, 
there being g slots per pole with full-pitch coils. Evaluate the expression for 
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the fundamental and third harmonic is an eight-pole alternator having 72 
slots, the phase spread being 3 slots per pole. {I.E.E.) 

6. The stator of a two-pole 3000 r.p.m., three-phaae turbo-alternator is 
wound with a double-layer winding in 54 slots, there being four con- 
ductors per slot. The pitch of the coils is two slots less than the pole-pitch. 
The flux per pole is 25 megalines and is distributed sinusoidally over the 
pole-pitch. Calculate the no-load terminal voltage if the windings are star 
connected. (L.U.) 

7. A three-phase, 50-cycle, Y-connected alternator has open-circuit char- 
acteristic as follows — 

Open-circuit terminal volts . 0 4260 6 370 8 600 10 300 12 200 13 300 

Ainpere-turnsperpuirof poIcR 0 8000 12 000 1C 000 20 000 28 000 3C 000 

The stator winding has a leakage reai^tarn^o of 4 Q. per phase and has negligible 
resistance. Calculaco the generated stator voltage, at an output of 2000 kVA., 
11,000 V., 0-8 power-factor (lag). If at this output the stator reaction Held 
ampere-turns are 10,000 per pair of poles, calculate the number of ampere-turns 
required on each pair of main poles and the voltage regulation of the alternator. 

8. Tests on a 15,000 kVA., 11,000-V., three-phase, 50-cyclo, Y-connected 
turbo-alternator gave the following results — 

Field amp.-turns per pole, thousands . .10 18 24 30 40 45 50 

Open-cMrcuitline E.M.F. (kV.) . . .49 8 4 10 1 11 5 12 8 13-3 13-65 

hine voltage (kV.) witli full-load current, zero 

power factor 0 10-2 

Find the armature -reaction amp.-turns, the leakage reactance, and the regii- 
lution for full loail at 0-8 power factor (lagging). Neglect resistance. (t.E.E.) 

XII. - INDUCTION MOTORS (CHAPTER XI 1) 

1. Provo the relation botwoon the slip and the rotor output of a throo- 
phaso induction motor working at constant voltage and froquoncy. 

A three-phase induction motor has a synchronous speed of 500 r.p.m. and 
runs at 480 r.p.m. when giving a torque of 488 lb. -ft. Find the rotor efficiency 
and the rotor copper loss. {L.U.) 

2. Show that full-load power is required to obtain full-load torque in a 
polyphase induction motor. Neglect stator losses. 

A 600 V., 50 frequency, six-polo, three-phase motor develops 20 h.j). in- 
clusive of mechanical lo.ssos when running at 975 r.p.m., the power factor 
being 0-87. Calculate (a) the slip, (6) rotor copper losses, (c) total input if the 
stator losses are 1500 W., {(1) hue current, (e) number of cycles per minute of the 
rottir E.M.F. {C.G.) 

3. A 50 h.p., 500 V., three-phase induction motor lias an efficiency of 85 
per cent and a power factor of 0-8 at full load. What is the voltage across each 
phase of the motor and the current in each phase when the motor is on full load 
and js (tt) star-connected, (b) delta-connected? {L.U.) 

4. A three-phase induction motor with squirrel-cage rotor is rated as 
follows : 25 h.p., 400 V., 960 r.p.m., 50 c.p.s. The power factor at full load 
is 0-9 and the efficiency is 90 per cent. When switched on to the line, the 
motor takes 5 times full-load current and gives twice full-load torque. Find 
the line current and the motor torque, if an auto -transformer with a 60 per 
cent tapping, is used for starting purposes. Neglect the magnetizing current 
of the transformer. Draw a simplified diagram of connections for the starting 
apparatus. {L. U. ) 

5. A 7i h.p., 400 V., three-phase induction motor with squirrpl-cage rotor, 
has its stator windings arranged for star-delta starting. The equivalent iin- 
podence per phase of the motor with rotor looked is 12’5 D., and the rotor l^H 
loss at full load is 225 W. Determine the approximate line current at starting 
and the starting torque (as a percentage of the full-load torque) when the 
motor is started by a star-delta starter. 

. Assume the power factor at full load to be 0*87 and the efficiency at full 
load to be 0-88. {L.U.) 
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6. A three-phase, 100 h.p., 550 V., 50-cycle induction motor has both stator 
and rotor windings Y-connected, the ratio (rotor tums/stator turns) being 0*7. 
The rotor resistance per phase is 0-2 O. and the leakage inductance 0-003 H. 
Determine (a) the rotor starting current on normal voltage with the slip rings 
short-circuited, (b) the rotor power factor at starting, (c) the full-load rotor 
current (slip = 3 per cent), (d) the rotor power factor at full load, (e) the ex- 
ternal resistance per phase to obtain a starting current of approximately 
60 A. in the stator. The effect of stator impedance may be neglected. What 
generally would be the effect on the results if the stator impedance were taken 
into account ? ( L. U . ) 

7. Show that the performance of a polyphast^ induction motor operating 
with constant applied voltage and frequt-ncy can be approximately represented 

by the equivalent circuit shown in the accompany- 
ing diagram. Point out the assimiptions made and 
develop a vector diagram for the circuit which 
enables the lino and load currents to be deter- 
iriincd directly. With the values given — which 
relate to one winding of a star- connected three- 
phase motor — determine (o) the maximum jiower 
input, (6) the inaxirnimi power expended in the resistance R, (c) the value of R 
which gives the maximum power factor. (L.U.) 

8. Draw to scale the circle diagram of a 25 h.p., 400 V., 50-cycle, six-polo, 
three-phase induction motor from the following test figures — No-load test, 
400 V., 12 A., power factor 0-15; Short-circuit test, 200 V., 85 A., power factor 

0- 3; Ratio of rotor to stator losses on short circuit, 0-0. Determine from the 
diagram the full-load current and power factor, and the percentage pull-out 
torque. {l.Fi.E.) 

9. The following data refer to a 75 h.p., 500 V., lO-pole, 50-cyclo, three- 
phase, slip-ring induction motor — Running light, 500 V., 35 A., 2235 W.; 
Standstill, rotor locked and slip-rings short circuited, 137 V., 87-5 A., 5720 W. ; 
Standstill, slip-rings open circuited, 500 V. (stator), 196 V. (rotor); Stator re- 
sistance (measured between line terminals), 0-16 U. ; Connections of stator and 
rotor windings, Y. Draw the circle diagram and deduce therefrom (i) the full- 
load current and power factor, (ii) the exti^mal resistance per ])hase to give 

1- 5 times full-load torque at starting. {L.IJ,) 

10. The following particulars apply to a three-phase, 200 h.p., 5000 V., 
25-cycle, eight-polo induc;tion motor with star-connected stator and rotor. — 
7’urns per phase : 576 (stattir), 56 (rotor) ; resistance per phase, 3-69 (stator), 
0-032 D. (rotor); reactance per phase, 16-1 11. (stator), 0-07411. rotor; mag- 
netizing current, 5-5 A. ; iron loss, 2-1 kW. ; friction and windage loss, 1 -3 kW. 
Draw the circle diagi-arri and determine two values of rotor starting resistance 
which will give twice full-load torque at starting. Determine also the starting 
cuiTonts. {L.U.) 


XIII.— THREE-PHASE TRANSFORMERS (CHAPTER XIII) 

1. A 500 kVA., three-phase, 50»cycle transformer has a voltage ratio (line 
voltages) of 33,000/11,000 and is ‘A/F connected. The resistances per phase 
are: h.v. winding, 35Q. ; l.v. winding, 0-876 11. The iron loss is 3050 W. 
Calculate the efliciency at full load and half load at (a) unity power factor, 
(b) 0-8 power factor. {I.E.fJ.) 

2. Determine the currents in the various branches of a three-phase, F-con- 
nected auto-transformer loaded with 400 kW. at 0-8 power factor (lagging), 
and having a ratio 440/550 V. Neglect voltage drops, magnetizing current 
and all losses. {I.E.E.) 

3. A 50-cycle, three-phase, 500 kVA., 6600/440 V., A/F transformer is to 
work with Bmax = 12,500 lines per cm.* The net area of iron in each core is 
400 cm.* Determine the number of turns in each phase of both windings and 
the cross-sectional areas of the conductors. A suitable current density is 
250 A. per cm.* If the iron loss at normal voltage and frequency is 9 kW., 
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and the resistances per phase are 4 Q. (primary) and 0-0052 Q. (secondary), 
calculate the load at which maximum efficiency is obtained. (L.U.) 

4. A three-phase transformer rated at 300 kVA., 11,000/415 V^., 50 cycles 
is to be designed. The primary windings are to be A connected and the 
secondary windings Y connected. The approximate value of the voltage per 
turn is to be 10*5. Calculate (i) the number of primary and secondary turns, 
and the cross-sectional area of their conductors, if the current density is to 
bo 2 A. per mm.^; (ii) the cross-sectional area of each core if the flux density 
is not to exceed 10 kilo lines per sq. cm. Draw up a specification for the 
secondary winding. (L.U.) 

5. A three-phase transformer delivers 100 kVA. on its h.v. side to a 
capacitive load. The ratio of transformation is 440/3300. The equivalent 
resistance and react»ance per phase, referred to the secondary, are 3 O. and 9 Q. 
respectively. Calculate the primary voltage if the secondary voltage is 3300. 

If the exciting current (assumed constant) is 10 A. at 0-1 power factor, 
calculate the total input current and its power facf-or. {L.U.) 

6. A three-phase, 50-cycle transformer has a ratio of transformation of 
30/10 kV. The secondary voltage is 10 kV., and it 8upi)lie8 a load consisting 
of two circuits A and Ii in parallel. The phases of circuit A are star-connected 
and each takes a current of 100 A. at 0*8 power factor (lag). Circuit i? con- 
sists of a star-connected condenser bank, each phase having a capacitance of 
100 /vtF. Calculate tlio voltage regulation of the transformer and the power 
factor on its primary side. Transformer particulais (referred to neutral) arr^ — 
Vrinuiry, /? — 2 i}., A' - 6 11.; l^tTondarij^ R 0-2 12., X - 0-6 12. {L.U.) 

7. Two single-phase transformers are used to convert a balanced three- 
phase into a balanced two-phase pressure. Thi' pn^ssure on the three-phase 
side is 6600 V. and that on the two-phase side is 2200 V. Find thi' uiimbor of 
turns in each transformer wlien the induced pressure jier turn is 10 V. {L.U.) 

8. Explain, with connection and vector diagrams, the transformer connec- 
tions to obtain a two-phaso supply from a three-phase system. Two 100 V. 
single-phase furnaces take loails of 600 kW. and 900 kW. respectively at a 
power factor of 0-71, and are supplied from 6-6 kV., three-phase mains through 
Scott-connected transformers. Calculate the cuirents in the three-phase 
lines, neglecting transformer losses. {C.O.) 

9. I’wo ticctric furnaces are supiilied witli single-phase current at 80 V. 
from a three-phase 1 1,000 V. systi^rn by means of two single-phase Scott- 
connected transformers with similar sec.omlary windings. When the load 
on one transformer is 500 kW. and the load on the other is 800 kW., what 
current will flow in each of the threc-idiase lines (i) at unity power factor, 
(ii) at 0-5 power factor ? Ni'gh'ct the phase displacement and loss(‘s in the 
transformers. {C.G.) 

10. State the conditions to be fulfilled for the satisfactory parallel operation 
of two three-pha.se transformers. "I’wo YjY three-phase transformers A and /f, 
of equal rating, share a balanced load of 400 kVA. at a power factor of 0*8 
(lag). Calculate the load on each transformer. I'lio volt<age drops per phase 
corresponding to the full-load currents, and expi-essed as percentages of the 
normal secondary voltages, are : 1 per cent {HI) and 5 per cent {XI) for trans- 
former A, and 2 per cent {HI) and 6 per cent {XI) for transformer li. {L.U.) 

11. Calculate the currents supplied by each of two three-phase trans- 
formers, working in parallel and delivering a total load current of 200 A. 
The transformers have equal ratios of transformation, and their equivalent 
impedances, referred to the secondary windings, are 2 -f jS ohms per phase 
for transformer A and 2 j3 ohms per phase for transformer B. Calculate 
also the angle of phase displacement between the load current and the currents 
in the two transformers. {L.U.) 

. 12. Determine the relative voltages of the secondary windings of the 
three-phase/twelve-phase transformer connections shown in Fig. 189. 

13. Tw’o similar three-phase transformers, one core-type and the other 
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shell-type, both K-connected on the primary and secondary sides, are con- 
nected to the same 11 kV. supply mains. The voltage between tlie primary 
star points (which are not connected together or to any other point in the 
system) is found to bo 3000 V. Explain clearly the reason for this voltage, 
and describe methods by which it could bo reduced. {L.U.) 

XIV.— NON-SINUSOIDAL WAVE FORMS (CHAPTER XIV) 

1. An E.M.F. is represented by V = 1000 sin a>^ + 250 sin 3co^ + 200sin5a>i 
Calculate the reading that will be giv’^en by an electrostatic voltmeter connected 
to the circuit. 

2. An E.M.F. e 100 sin a)t + 8 sin 3 ojt is applied to a circuit which has 
a resistance of 1 Q., an inductance of 0-02 H, and a capacitance of 60 /iF. 
A hot-wire ammeter is connected in series wdth the circuit, and a hot-wire 
voltmeter is conne^cted to the terminals. Calculate the ammeter and voltmeter 
reading and the power supplied to the circuit. Civen co - - 300. {L.U,) 

3. An alternating current reprcscnited by f = 10 sin (ot is superimposed upon 
a direct current of 80 A. What is the H.M.S. value of the resultant current ? 

4. An E.M.F. represented by the equation e 1.50 sin 314i -j 50 sin 942/ is 
applied to a condenser having a capacitance of 20 /iF. What is the R.M S. 
value of the charging current ? (O.G.) 

5. An altomatiiig voltage e ~ 100 sin lOOrrl - 30 sin SOOtt/ -f- 10 sin 500nt 
is applied to a coil having B = 10 li. and L * 0 0318 H. Determine an ex- 
pression for the wave-form of the current flowing and cah^ilate tlio total 
power consurnotl in the circuit. (L.U.) 

6. A coil, having R ~ 2 Q. and h — 0-01 H., carries a current which obeys 
the law — i = 50 + 20 sin 300/ — where t is in amp. and t in sec. A moving- 
iron ammeter, a moving-coil voltmeter and a flynaniometor wattmob^r are 
used to indicate the current, voltages and jjower respect iv^ely. Determine the 
readings of the instruments and the law governing the p.d. Neglecjt all losses 
in the instruments. {L.U.) 

7. Two circuits, having impedances at 50 c.p.s. of [10 f- jS) Q. and {10 -j6) 
Q. respectively, are connected in parallel across the terminals of an A.C. 
system, t he wave-form of which is represented by c --- 100 sin to/ f- 35 sin 
3 to/ + 10 sinSc/)/, the fundamental frtiquency being 50 c.p.s. Determine the 
ratio of the readings of two ammeters, of negligible resistance, connected one 
in each tjircuit. {I.E.K.) 

8. Tlio capacitance of a 20-/tF. condenser is checked by direct connection 
to an alternating voltage, which is supposed to be sinusoidal, an electrostatic 
voltrnol-er and a dynamometor ammeter being used for the measurement. 
If the voltage actually follows the law e - 100 sin 2.50/ -b «0 sin (500/ -(y)) 
+ 10 sin (750/- rz), calculate the value of the capacitance as obtained from 
the direct ratio of the iristiurnent readings. {L.U.) 

9. A <’oil having L = 0‘1 H. and H = 100 O. is connected in series with a 
condenser across a supply, the voltage of which is given by e = 200 sin 314/ 
+ 5 sin 3454/. What capacitance will be required to produce resonance with 
the 11th harmonic? Find (a) the equation of the current, and {h) the K.M.S. 
value of the current, if this capacitance is in circuit. {L.U.) 

10. A voltmeter, designed for the measurement of third harmonic com- 
ponents in a 50-cycle system, consists of a moving-iron milliammeter con- 
nected in senes with an inductance and a condenser {C = 0-25/iF.), the whole 
circuit having R = 25012. and being tuned to 150 c.p.s. Calculat e (a) the 
total inductance in the circuit, (6) the error in the reading if the frequency 
falls to 49-6 cycles per see., (c) the error if the frequency is correct, but the 
voltage wave contains a fifth harmonic havmg an amplitude equal to 40 per 
cent of the third. {l.E.E.) 

11. A star -connected, three-phase alternator, the phase E.M.Fa. of which 
are symmetrical but non -sinusoidal, supplies a balanced star-connected load.., 
Show that if the E.M.F. wave-form contains 3rd, 9th, 15th, etc., harmonics, 
a difference of potential will exist between the neutral points of generator 
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and load, and that if these neutral points are connected by a fourth line wire 
the current in this wire is made up of components having frequencies 3, 9, 16, 
etc., times the fundamental frequency. 

Calculate the R.M.S. value of this current if the alternator E.M.F. follows 
the law e = 850 sin 314« + 120 sin 942« + 60 sin 2826^ The impedance per 
phase of the alternator is {0 02 + yO-12) O. at 50 c.p.s. and the resistance per 
phase of the load is 10 

XV.— MAGNprrrc ciucuits (chapter xv) 

1. The following data refer to a 50-oy<‘lo transformer. Calculate and plot 
the H—H loop. Applied primary volts, 110 (K.M.S.) ; number of primary turns, 
90; length of mean magnetic path, 125 cm.; cross-section of magnetic path, 
45"9 crn.^ The applied voltage is sinusoidal and voltage drops may bo neg- 
lected. The wave-form of the no-load current is as follows, the angles being 
measured from the start of the positive half-wave of the applied voltage — 

Angle (°) ... 0 20 40 60 80 100 120 140 160 

Current (A.) .- 497 -3 - 1 4025 L 1-69 2-39 3 18 4 18 

2. The connection b<d wetm the magnetizing current and tiux for a particular 
alternating -current electromagnet is shown by the following table, which 
gives values for one-half of the magnet ization loop, the complete loop showing 
the usual ByminetTy witli respect to tlio axes — 

Fluxfkllollnes) 0 30 75 120 150 179 170 105 138 102 60 0 

Mugiietizing 

current (A.) 5-5 0-25 8 10-5 14-25 20-5 13-5 6-8 0 -3 -4-6 -5-5 

Plot the loop on squared ()aper, and by its aid deduce and plot the wave- 
form of tho magnetizing current when t he iiux follow's a sine law, tlie airiplitiido 
of the Ilux lieing equal to the maximum value of tlic flux in the above 
rnagri(‘tization Igoj). {L.V.) 

3. Dotiueo an expression for the watts per cm.'’ wasted in odtly currents in 
a thin core plate of a transformer, in terms of tho froquomjy, tho specific 
resistance of the material, the maximum flux density and tho thickness of 
tho plate. 

In a 440 V., 60-froquouoy transformer, tho total iron loss is 2500 W. When 
the applied voltage is 220 V. at 25 c.p.s., tho corresponding loss is 850 W. 
Calculate tho oddy-current loss at normal voltage and frequency. {(J,G.) 

4. Determine the magnitude of the hysteresis and of the eddy current 
losses at 25, 50 and 60 oy<*les per second for a transformer which gave the 
following open-circuit data. 


Applied volt.s . 

. 100 

75 

50 

25 

Cyclen ])er sct-oiid 

50 

37 5 

25 

12 .> 

Watta input 

. 85 

580 

35 0 

10 


(Hve a full explanation of the principles underlying tho method adopted. 
{h.lJ.) 

6. An iron-core choking coil has a magnetic length of 120 cm. and a cross- 
sectional area of 25 cm.* There are 100 turns of wire of negligible resistance. 
The maximum flux density is 11,000 lines pf>r cm.* for wdiich 5 amp. -turns 
per cm. are required. Calculate for a frequency of 50 c.p.s. (a) the VA. sup- 
plied, (5) the inductance of tlie coil. Find also these quantities when an air 
gap of 2 mill, is introduced in tho iron core. {C.Q.) 

6. A single-phase core-tjqie tTansforincr has the following dimensions : 
cross-section of each core 515 sq. cm., distance between axes of c;oreB 53 cm., 
cross-section of each yoke 6,50 sq. cm., distance between axes of yokes 96 cm. 
Calculate the flux produced by 1330 ompore-turns having given the following 
relationship between B and H for the magnetic circuit — 

B . . 6000 9000 10500 13760 

H . . 1*3 2-6 5-9 18-6 (L.C7.) 

•7. Calculate the no-load current for a single-phase transformer having 
given the following data : Primary voltage 2200, supply frequency 50, 
no-load loss 500 W., number of turns in primary winding 1200, magnetic 
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cross-section of core 35 sq. in., magnetic length of core 80 in., permeability 
(at flux density corresponding to normal primary voltage) 1200. 

8. A transformer for 10 kVA., 2200 V, (primary), 50 cycles, takes 100 W. 

at rated voltage and frequency when its secondary is open. If the mag- 
netizing current is 90 per cent of the exciting current, what is the no-load 
power factor of the transformer ? What is the exciting current in amperes 
and as a percentage of the rated full -load current ? (L.U.) 

9. A single-phase core-type transformer has a core eross-soction (net iron) 
of 00 cm.* and a yoke cross-section (net irmi) of 65 cm.* The primary winding 
has 1350 turns anti the secondary winding has 148 turns. Calculato the no- 
load current and the voltage at the sticondary terminals when a voltage of 
2200 V. at 50 frequency is applied to the primary. The mean magnetic length 
of each core is 30 cm., and that of each yoke is 23*5 cm. The overall length of 
each yoke is 27 cm. 

Magnetic data of the siioot-steel laminations are— 

Flux density (lines p(T t'ln.*) .... 8000 10,000 12,000 1 :h,000 

AniiJero turns per cm. . . . .1-6 2-.'>.5 ft-O 9-35 

Coro loss at 60 cyclea (W. per lb.) . . . 0 53 0-8 1-1 1 3 

Assume the weight of one cm.* of the steel laminations to bo 1/58 lb. [L.U.) 

10. The net cross-section of iron in each core and yoke of a single-phase 
core-t 5 q)e transformer is 50 cm.* and 55 cm.* respectively. 'Fhe magnetic 
lengtli of eaidi core is 35 cm. and that of each yoke is 30 cm. Calculate the 
voltage per turn at 50 '.p.s. to give an iron loss of 70 W. The density of the 
laminations is 0*0165 lb per cm.*, and the iron loss (i^J at 50 c.p.s. is — 

(linos per cm.*) .... 0000 8000 10,000 12,000 

(W per lb.) . . 0-3 O-IH 0 72 1 01 

11. A choking coil consists of a ring-shaped core of 1*5 sq. in. section and 
8 in. mean diameter. The ring is wound with 1500 turns liaving a resistance 
of 400 n. Calculate the current in the winding when it is connected to a 
220 V., 50-cycle supply of sinusoidal wave-form. The permeability of the 
iron may bo taken as constant at 10,000, the iron losses at 0*5 W. per lb., 
and the density of iron 7*8 gm. per cm.*. [l.E.bj.) 

12. An air-gap choking coil has a back-R.M.F. of 200 V. when taking 
10 A. from a 50-cyeIe supply. Calculate the effective length of the air-gap. 
Assume tliat (a) the number of turns is 400, [b) the maximum flux density in 
the air-gap is 8000 lines per cm.*, (c) the magnetic reluctance of the iron core 
is 6 per cent of that of the air-gap, (d) the magnetic leakage and losses are 
negligible. [I.E.E.) 

13. The nearly closed iron core of a clioking coil has a net iron cross-section 
of 20 cm.* and the moan length of the iron path is 50 cm. This core is to be 
worked at a flux density of 10,000 lines per cm.* araJ at this density it requires 
3*5 amp. -turns per cm. of magnetic length, and the iron Joss is 0*025 W. per 
crn.* at 50 cycles. If the coil is to absorb .50 V. at a current of 10 A. on a 
50-cyclo circuit, calculate (a) the number of turns, (6) the length of the air 
gap, and (c) the phase difference between the terminal voltage and current. 
The resistance of the coil may be' neglected. [L.U.) 

14. A choking coil, normally used in series with a mercury -vapour lamp 
on a 50-cycle supply, has a not core cross-section of 15 cm.*, an air-gap of 
2 mm., and a magnetic length of 25 cm. The coil is wound with 500 turns, 
and the resistance of the winding is 1*6 Q. The normal current is 2-28 A. at 
50 c.p.s., and the core loss is 17 W. Calculate the voltage at the terminals of 
the coil. Magnetic data of the laminations ar 

Flux density (lines per cm.*) . . 4000 6000 8000 10,000 

Ampere turns per cm. . . . 0*6 1*05 1-6 2*55 

XVI.— MEASURING INSTRUMENTS AND MEASUREMENTS 
(CHAPTERS XII, Xlll, XV) 

1. A 150 V. moving-iron voltmeter takes a current of 0*06 A. and has an 
inductance of 1*105 H. The total resistance is 2490 Q., of which 695 0. is 
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in the magnetizing coil. Calculate the frequency error when used on a 50- 
cycle circuit, assuming the d.c. calibration to be correct. Show how the 
frequency error may be com^jonsated by means of a condenser shunting 
the series resistance, and calculate the capacitance required in this case. 
{l.E.E.) 

2. The relationship between the inductance, current, and position of the 
moving system of a 2 A. moving iron ammeter is — 


Scale reading (amp.) . 

0*8 

1*0 

1*2 

1-4 

1-6 

1-8 

2-0 

Deflection (Degrees) 

16 

26 

36-5 

49*5 

61-5 

74-5 

8G-5 

Inductance (/<H.) 

573*2 

574*2 

575*2 

576-6 

577-8 

578-8 

579-5 


Deduce an exjjression for the dtdh'cting torque in terms of the rate of 
change of inductance with positioTi of moving system, and calculate the 
deflecting torque at scab? readings of 1 A. and 2 A.* {L.U.) 

3. A moving-iron voltmeter — range 0-125 V. — has its scale between 0-25 V. 
divided according to a square law (i.e. the deflection is proportional to the 
square of the voltage at the terminals of the instrument) and the remainder 
of the scale (between 25-125 V.) is divided according to a straight-hne law 
(i.e. equal increments of deflection correspond to equal increments of voltage 
at the terminals of the instrument). The scale divisions iinrnedifitely adjacent 
to, and on each sifle of, the 25-V. mark are of equal lengths. The full-scale 
deflection is 120^', the torque for full-scale deflection is 0-2 gm.-ciri., and the 
resistance of the instrument is 1500 0. Calculate the rate of change of the 
inductance of the instrument with deflection for the square-law portion of 
the scale. (L.U,) 

4. What difticulties are encountered in designing a shunt for a moving- 
iron ammeter? It is proposoil to use a non-inductive shunt to increase the 
range of a 10 A. moving-iron ammeter to 100 A. The rosistaniiO of the instru- 
ment, including the leads to the shunt, is 0-00 O., and the inductance is 

at full scale. If the combination is corroi’t on a d.c. circuit, find the 
error at full scale on a 50-cycIe a.c. circuil. (L.U.) 

5. Tlie coil dimensions of a dynamometer voltmeter giving 90° defleirtion 
for 50 V. are so arranged that Ihe inductance of the* instrument increases 
uniformly as the pointer is defleittod from zero to the top of the scale. The 
initial inductance is 0-25 H., arul the torque for full-scale deflection is 0*4 
gm.-cni., the (Mirrerit being 0 ()5 A. Determine the differen(‘o between a.c. 
(50-cyclo) and d.c. readings at (a) 50 V., (6) 25 V. {f.E.E.) 

6. A rectifier has the following characterLstics 

Volts at terminals . -f ]'2 -f I- 0 fOH -{ 0 G -f 04 0 -OC -1-2 

Current ii) m A. . f 20 -I 12 6 G +2 +0-8 0 -1-2 - 2-4 

The rectifier is connected in series with a jierinaneiit-riiagnot movnig-coil 
instrument having a total resistance of 12012., and the circuit is connected 
to a sinusoidal supply of 2*5 V, (R.M.8.). Calculate the ammeter reading and 
draw the wave-form of the current passing through the instrurnont. (L.U.) 

7. A single-element rectifying device is connected in series with a rnoving- 
coil ammeter and a tliormal ammeter, and it is found that the circuit has a 
resistance of 10012. to a current in one direction, and an infinitely great 
resistance to a current in the opposite direction. If a sinusoidal K.M.P. of 
10 V. (Ji.M.S.) is applieil to this circuit, what wdll bo the reading of each 
instrument, and what will be the power taken from the supply and the power 
factor of the system ? (l.E.E.) 

8. An electrostatic voltmeter has the fixed inductors in the form of cylin- 
drical segments. The inner radius of tho outer segments is 2-575 cm. and 
the outer radius of tho inner segments is 2*425 cm. Between these inductors 
a needle, 0-5 mm. thick and cylindrical m form, can rotate. If the angular 
breadth of the needle segments is 115°, tho mean radius is 2-5 cm. and the 
active length is 8 cm., calculate the torque in gm.-cm. when 200 V. is applied 
between the needle and tho fixed inductors. (L.U.) 

9. An electrostatic voltmeter consists of two attracted plates, one movable 
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each surrounded by a guard ring so as to make the “edge-effect” negligible. 
It is observed that the application of 10 kV. between the plates results in a 
pull of 600 dynes on the movable plate. Determine the alteration of the 
capacitance of the system resulting from a change in position of the movable 
plate of 1 mm. Diameter of movable plate, 10 cm. (l.E.E.) 

10. A wattmeter is connected up as in the accompanying diagram to measure 
the power supplied to an alternating-current circuit. 

The following readings were taken : A = 2 4, 
200, W — 22. The rcisistance of the pressure circuit 
of the wattmeter is 8000 Q., that of the current coil 
0-46 Q., and that of the voltmeter 2000 What are 
the true watts supplied to the load, and what is its 
power factor ? Neglect the inductances of th(5 
instruments. (L.U.) 

11. The following data' refer to an electro-dynamic wattmeter having a 
current range of 3 A. and a pressure range of 2500 V. 

Re.sistance of pressure -coil circuit, 25,000 £1. ; inductance of pressure coil 
circuit, 0-532 //H. ; resistance of fixed coils, 5-5 £1. 

Determine the error when this instrument is used on a 100 cycle circuit at 
power factors of (a) 0-9, and {b) 0*15 flagging), the current being 3 A. 

12. An electro -dynamic wattmeter has a slnint coil with a resistance of 
750 £2. and a series resistaiuie of 2250 £2. A condimser of I /iF. capacitance is 
arranged so that it can be shunted across the sc^rios resistance. If two 
readings of the wattmeh^r arc taken, Wi without tlic condenser shunt and 
H'j with the condensi^r shunt coiinecioil, detonnine a formula by which the 
power factor of the circuit in which the power is being measured can bo 
found in terms of these readings. Frequency 50 c.p.s, (h.U.) 

13. A wattmeter having a moving coil with li - 10012., L ~ 20 inH., is 
used for measuring both power and roaetivo VA. in a single-plmso 300-cyele 
circuit. For power raoasurenients a 3000 £2. resistance is connected in series 
with the moving (;oil, and for reactive VA. measurements a good rjoiidensGr 
is substituted for this resistance. Calculate (I) the (japaeitauco of this con- 
denser, aasuimng the calibration of tlie instrument to remain unchanged, 
(2) the error in the “reactive” reading when the power factor of the load is 
0*95 (lagging). (LE.E.) 

14. Explain clearly how pliase compensation in the voltage-coil circuit of 
an induct ion -pa Item wattmeter may ho obtained by shunting the pressure 
coil of the instrument with a iion-mductive rosistaneo. What are the prin- 
cipal objecitions to this irielhod of phase compensation? 

Work out the value of shunt rosistaneo required for an instrument whose 
voltage coil (// = 4-78}!., R = 298 1^.) is joined in series with an external 
inductance of 3 H. and an external resistance of 19012. The supply voltage 
is 200 V. at 50 c.p.s. What current will flow in the voltage coil ? {L.U.) 

15. The current and flux are in phase in the sciries system of an induction 
pattern watt-hour meter, hut there is an angular doparture of 3" from quad- 
rature between the voltage and flux of tlie pressure system. The speed of 
the rotor on full load at unity power factor is 40 r.p.m. Assuming the meter 
to register correctly under this condition, calculate its perctmtage error on 
quart<*r load at 0*5 power factor. {L.U.) 

16. A 50 A., 230 V. motor is put under test, and it is found that the disc 
makes 61 revolutions in 37 sec. when full load is being carried. If the normal 
disc speed is 520 revolutions per kWh., what is the meter error, and how 
could the error be corrected ? {I.E.K.) 

17. In a doflectional frequency meter working on the principle of electrical 
resonance, there are two parallel circuits each consisting of an inductance 
and a capacitance in series. One circuit has (7 I fiF. and is tuned to a 
frequency of 60 c.p.s. The other has C == 1-5 //F. and is tuned to a frequency 
below 50 c.p.s. The resistance of each circuit is 100 £2. What must be the 
inductance of the second circuit, and to what frequency must it be tuned, 
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in order that the current in both circuits shall be the same at a frequency of 
SOc.p.s.? {L.U.) 

18. The current taken by a small iron-cored choking coil is measured by 
means of an a.c. potentiometer. A J Q. shunt is inserted in series with the 
winding and the voltage across the latter is measured directly on the potentio- 
meter. The readings are — Voltage across shunt, -f- 0*8 V. in-phase, — 0*75 V. 
quadrature; voltage aci-oss winding, -|- 1*3 V. in-phase, -f 0*3 V. quadrature. 
Assuming sinusoidal voltage and current, determine (1) the core loss, (2) the 
magnetizing current, (I.E.E.) 

19. When using an electrostatic wattmeter to measure tlie dielectric loss 
in a leaky condenser at high voltage, the following Headings wore obtained : 
Voltage applied to the condenser, .30,000 V. ; voltage between the moving 
vanes of the wattmeter and the earthed end of the high voltage supply, 2.50 V.; 
voltage across tlic I3o0. resistance connected between the quadrants, 20*8 
deflection of the wattmeter (scale divisions), - 37 ; constant of the wattmeter, 
352. 

A step-uj) transformer was usetl to supply the 30,000 V. and the vanes of 
the wattmeter were connected to a tapping brought out from tlie secondary 
winding of this transformer near the earthed end. 

Calculate the power factor and the dielectric loss of the condenser at 
30,000 V. 

Vrovo any formula} used, and indicate the circumstances under whicdi the 
wattiruitcr deflection is likely to bo lu^gativo. (L.U.) 

20. An alternating-current bridg*} is arranged as follows : The arms A/f 
and EC consist of non-inductive n^sistaiices of 100 H., the arms EE and 
Cl) of non-inductive variable resistances, the arm EG of a condenser of 
caiuicitance 1 /iF., the arm J)A of an inductive resistance. The alternating- 
current source is connected to .*1 and C and the lolephones to E and 1>. A 
balance is obtained when tlie resistance of the arm CD is 50 O., and the arm 
EE 2500 n. 

Calculate the resistance and inductance of the arm DA. 

If there are harmonies in the wave-form of the source of alternating current, 
what will be the efleet ? (L.tK) 

21. The four arms of a bridge network are made up as follows: AB, a re- 
sistance of 50 12. in parallel witli an imluctunce of 0*1 H. ; EC\ a resistance of 
10012.; CD, an unknown resisfaiieo in parallel wit>» a condenser of unknowui 
capacitance; DA. a resistance of a 1000 12. A 50-cyele supply voltage is 
inaintairunJ between A and C, and a vibration galvanometer is connected to 
E and D. Find the values of the unknown resistance and cajiacitanco for 
whicii the vibration galvanometer will be undeflected. (L.U.) 

22. A small single-piiaso motor, in series with a 10 12. resistance, is con- 
nected to a 220 V. supply. The voltages across the motor and resistance are 
200 V. and 40 V. respectively. Determine the power consumption and the 
power factor of the motor. (I.E.E.) 

23. Describe briefly methods which may be used to determine the phase 
rotation of a tliree-wire, three-phase system. In a phase-rotation test on a 
200 V., three-phase system, a 20 il. non-inductivo resistance in series with a 
choking coil (X = 15*6 Q., E 2*212.) was connocteid to the B and Y lines. 
A very high resistance voltnioti^r was connected between the B line and the 
junction of the resistance and choking coil. Find the two possible readings 
of the voltmeter, stating the phase rotation in each case. (Jj.U.), 

24. In a test to determine the phase sequence of a 415 V., 50-cycle, three- 
phase supply, a 43011. resistance was connected in series with a 5-/4F. con- 
denser between two lines A and B. A voltmeter connected between the 
junction of the resistance and the condenser, and the third line, C, indicated 
182 V. Draw the vector diagram and detormino the phase sequence. If 
the phase sequence is reversed, what will be the roadmg on the voltmeter? 
(L.U.) 

25. Give an account of the precautions to be observed in the design and 
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construotion of precision current transformers for use with a standard watt- 
meter. 

Deduce an expression for the correction factor of a wattmeter (which has 
a negligible inherent error) when used with a current transformer having 
ratio and phase-angle errors of p per cent and q° respectively, and a potential 
transformer which has a ratio error of x per cent and a phase-angle error of 
t/”. {C.G.) 

26. Two single-phase watt-hour meters are connected through current and 
voltage transformers to a three-phase, three- wire system. The ratios of the 
transformers may be considered to be correct, but the phase displacement of 
the voltage transformers is 15 minutes (loading) and that of the current 
transformers is 3 minutes (leading). The power factor of the system is 0-75 
(lagging). Determine the relative speeds of the meter discs. {I.E.E.) 

27. A voltage transfor/tier, ratio 3300/1 10, has the following measured 
characteristics — primary resistance, 4000 D. ; secondary resistance, 3 D. ; ex- 
citing current, 0-0038 A. at 0-3 power factor. The phase displacement between 
the primary and secondary (reversed) voltages is 10 minutes (leading) when 
the burden is 15 VA. at unity power factor. Determine (a) the true turn 
ratio, (ft) the primary reactance (assuming this to be equal to the equivalent 
reactance). (I.E.E.) 

28. A 6 VA., 400/100 V., 50-cycle potential transformer was tested, at 
50 c.p.s. with its normal burden, according to the method shown in Fig. 279 
(p. 439), balance being obtained with — /?, = 7080 ii., = 8000 Q., if, 
s= 500011., C ~ 0 00021 /iF., switch S in position 2. Calculate (1) the ratio 
error, (2) the phase-angle error. 

29. A current-transformer has a bar primary and 400 secondary turns. 
The secondary burden is a circuit making, with the socondarj^^ winding, a 
total resistance of 1-25 and a reactance of 0-75 1),. The core requires 100 
amp. -turns for magnetization and 60 amp. -turns for losses. Find (1) the 
primary current, (2) the ratio error, and (.3) the phase-angle error when the 
secondary current is 5A. How could the ratio error bo corrected for this 
current? (I.E.E.) 

30. The mumot.al core of a current transformer has a cross-sectional area 
of 15 cm.* and a magnetic! length of 28 cm. The 5- A. secondary winding has 
120 turns and a resistance of 0-15 11. Calculate the ratio and fihaso-angle 
errors of this transformer when it is connected to a 50-cycle supply system, 
and the secondary is loaded with a burden of 15 VA. at a power factor of 0-6 
(lagging), the secondary current being 5 A. 

Data of the magnetic properties of the core for a frequency of 50 c.p.s. 
are as follows — 

liiduccfl E.M.F. (inV.) ]>(t turn per cm.* of core cross 
section . . . . . . . .06 10 l-il 2-0 

MiiRiictir-Inji reactive mVA. per cm." of con; . . 0 0045 0-0105 0 0205 0-0335 

Iron loss (mW.) iK'r cm.® of core .... 00023 00006 0010 0-029 


(L.U.) 

31. The accompanying diagram shows the connections of a method of 



determining the ratio and phase angle 
errors of a current transformer. is 
tt standard transformer and is the 
transformer under test, both of which 
have the same nominal ratio. is 
another standard transformer of 1:1 
nominal ratio; Af, a standard variable 
mutual inductance ; /?,, non-in- 

ductive resistances. 

Balance is obtained at a supply 
frequency of 50 c.p.s. with the follow- 
ing results: = lOD., R^ = 0*08 D.. 


Af= 556 /iH. 
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The errors of Tj and T, are — Rcdio error : 0*2 per cent ; T,, 0-6 per cent ; 

phase-angle error : Tj, 20' leading ! 50^ leading. 

Calculate the ratio and phase-angle errors of T^. Give briefly the theory of 
the method. (L.U.) 


XVII.— CALCULATION OF THREE-PHASE CIRCUITS (CHAPTERS 
XIX» XX) 

1. On a symmetrical three-phase system with a phase-sequence Ay C, 
a capacitance reactance of 8 ii. is connected between lines B and C. A re- 
sistance of R ohms and an inductive reactance of X ohms are connected in 
series between phases B and A. Find the respective values of H and X which 
will cause the current in phase B to become zero. (L.ZJ.) 

2. If, to the system of Ex. 1, a resistance R^ in series with a capacitive 
reactance Xq is connected across lines G and Ay dotfjrrnine the values of Rj 
and Xq which will cause the currents in these lines to be twice the former 
value with zero current in line B. 

If the lino voltage is 200 V., calculate the power and volt-amperes in the 
whole system. 

3. A three-phase supply, giving sinusoidal voltages of 400 V. at .lO c.p.s., 
is connected to three terminals marked R, F, B. 

Between R and Y is connected a resistance of 100 O., between Y and B an 
inductance of 318 mH. and negligible resistance, and between B and R a 
condenser of 31*8 /iF. 

Determine (1) the current flowing in each line and the total power supplied ; 
(2) the resistance of each phase of a balanced star-connected, non -reactive, 
load, which will take the same total power when connected across the same 
supply. {L.U.) 

4. A three-phase, 11 kV. altoniator supplies a load of 15,000 kVA. at 0*8 
power factor and also feeds a 1 32 kV. transmission Ime through a step-up 
transformer. The no-load current of this transformer is 60 A. at 1 1 kV., ()*26 
power factor. If the transmission line is unloaded, determine the kW. and 
kVA. output from the alternator and the power factor at whicji it is operating. 
The open-circuit impedance of the line is 1250/. - 70*^ il. per phase, and resist- 
ance and reactance voltage drops in the transformer may bo ignored. 

5. An unbalanced A -connected load is supplied from a 400 V. symmetrical, 

sine-wave three-phase system having a phase sequence RYB. The impedances 
(in ohms) of the load are: Z^y 4-jS; = 15 jl5; " 5 j8. 

Calculate (1) the line currents, (2) tlie power supplied to the load, (3) the 
resistance of each phase of a balanced F-connected load which will take the 
same power, but at unity power factor. Determine also (4) the impedances 
of a F-connected load which is equivalent to the A-connocted, (5) the voltage 
between the neutral point of this load and the neutral point of three F-con- 
nected resistances of equal values ct»nnected to the system. 

6. An unbalanced star-conne.ctcd load is supplied from a three-phase, 
three-wire system at a line voltage of 100 V. The current taken by one 
branch (A) is 20 A. at a power factor of 0-8 lagging, and that taken by a second 
branch {B) is 10 A. at a power factor of 0-75 (lagging). Del ermine tlie current 
in, and the power faijtor of, the third branch, C. Also determine the total 
power supplied to the load and tlie readings of two w^attrneters connected, 
according to the two -wattmeter mc'thod, wdth the current coils in tjie branches 
Ay B. ' 

7. Three impedances having values of 3 -f j6y 4 -f j3y and 5 j4 ohms 
respectively are connected in star across three-phase supply mains. Calculate, 
proving any formulae used, the values of the three impedances which, when 
connected in delta across the same supply mains, will behave in exactly the 
s,ame way as the above star-connected system. {L.U.) 

8. A symmetrical three-phase, 440 V. system supplies a F-connected 
load, of which the branch resistances are: A = \0 O., B ^ 13 Q.. C — 15 0. 

38— (T.5245) 
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Calculate the voltage to earth of the load star-point, assuming the neutral 
of the supply to be earthed. Phase sequence At B, C. {I.E.E.) 

9. A three-phase star-connected load is connected between three line 
terminals iZ, Y, B, the impedances (in ohms) of the load being ; 1 + j2 between 
R and the star point, 2 -f j3 between Y and the star point, and 3 -f- be- 
tween B and the star point. The phase sequence is RYB, If the line voltage 
is 400 V., calculate the voltage between R and the star point. {L,U.) 

10. A three-phase, four- wire, 400/230 V. system supplies (1) a balanced 
load which is connected between the lines Rt Y, B, and the neutral, each 
phase taking a current of 20 A. at 0-8 power factor, (2) a single-phase load, 
taking 16 A. at a power factor of 0-9, connected between line R and the 
neutral. Determine the current in each of the lines i?, F, 2?, and the current 
in the neutral. 

11. In a four- wire, three-phase distribution system, with 240 V. between 
lines and neutral, there is a balanced motor load of 600 kW. at 0*8 power 
factor. Lamp loads connected between the lines and the neutral absorb 
60 kW., 160 kW., and 200 kW. respectively. Calculate the current in each 
line and the neutral. (I.E.E.) 

12. A combined power and lighting loail is supplied by a three-phase, 
four-wire distribution system. The three-phase motor load absorbs 1000 kW. 
at a power factor of 0-8, while the lamps between the outers and the neutral 
take 200, 300, and 400 kW. respectively. Calculate the current in each of 
the four wires when the supply pressure between outers is 400 volts. 
{ 0 . 0 .) 

13. What are the advantages of the three-phase, four-wire system of distribu- 
tion? Compare the weight of copper required for the distributor cables in 
such a system with that required iri a three-wire, d.c. system. State exactly 
the bases of comparison. 

A 440/254 V., three-phase, four-core cable supplies an unbalanced load 
represented by the following impedances, in ohms, connected between the 
Rt Yt and B line wires respectively and the neutral : 16 -f jl2t 14 -~j21t and 
25 -f- jO. The phase sequence is ft, F, B. Calculate the current in each con- 
ductor of the cable and the readings on each of three wattmeters connected 
in each line to neutral. (C.O.) 

14. The following apparatus is connected to a three-phase, four-wire system : 
A resistance of 10 12. between line A and neutral ; a 400 //F. condenser be- 
tween line B and neutral; a resistance of 2 Cl. in series with an inductance of 
0-01 H. between line C and neutral. The frequency of the supply is 50 cycles 
per second, and the voltage between each line and neutral is 230 V. Find the 
current in the neutral and its phase angle with the current in lino A. Phase 
sequence A, ft, C. (L.U.) 

15. Load resistances ft^, ft^, are connected in delta. If ftj, ft^, ft, are 
the equivalent star values, calculate those values when ft^ = 6 Q., ft, 10 12., 
and fte — 15 12., proving any formula used. If this star-connected system is 
supplied from a four-wire, three-pha.se system with 230 V. between each line 
and neutral, calculate the current in the neutral and the power supplied to 
the load. {L.U.) 

16. Three substations A, ft, (7, forming part of a three-phase, 11 kV. dis- 

tributing system are connected to form a ring-rnain by three feeders having 
impedances in ohms per phase as follows: Aft, 2 BO, 3 +^6; CA, 

2 + j5. Power is supplied at A, and loads are taken at ft and C ; the load at 
ft being 50 A. at 0-8 power factor (lagging), and that at C being 40 A. at 0-9 
power factor (lagging). If the voltage at A is maintained at 11 kV., calculate 
the voltage at ft and the current in feeder BC. The power factors of tht^ loads 
may be assumed to be relative to the voltage at A. (L.U.) 

17. A ring-main supplies three substations ft, C, D from a distributing 
centra A, the system being three-phase with 6600 V. between lines at tl^e 
distributing centre. The loads at the substations are : 40 A. at ft, 20 A. at (7, 
30 A. at D, all at unity power factor. The four sections of the ring-main have 
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resistances and reactances as follows: AB^ R = 1*2Q., X — 0-812.; BC, R 
=^ 0-9 a., X -- 0-6 Q.; CD, R = 0-6 12., X = 0-412.; DA, R = 1-6 12., X 
= 1-0 12. Find (1) the voltage at each substation, and (2) the current in each 
section of the ring-main. 

If an induction regulator is installed in the section AB at the distributing 
centre. A, and gives a boost of 50 V. in the three lines, in phase with the 
line- to -neutral voltage in each case, what will bo the new distribution of 
currents in the sections of the ring-main and the voltages at the substations ? 

XVllI. -SYMMKTKICAL COMIMJNE.VTS (CHAPTER XXI) 

1. The readings of the three lino ammeters on a three-phase, throe-wire 
system are 10-5, 13, and 8 A. Determine the symmetrical components. 

2. The three current vectors of a three-phase, four-wire system have the 

following values: = 7 + jO, /j, — ~12~jl3, 1^ — -2 j3. Find the 

symmetrical components. The phase sequence is A, B, C'. (L.U,) 

3. Derive an expression for tlie symmetrical components of an unbalanced 
three-phase system of vectors. Explain, with the aid of circuit diagrams, how 
the voltage and current components may be measured, and show how the 
circuits must be modified when zero-sequence components are present in the 
currents of a four-wire system. If in a three-wire, three-phase system the line 
voltmeters indicate 100, 60, and 90 V., what are the symmetrical components 
of the voltage. 

4. A star-connected, tlircHi-phase generator having an E.M.F. per phase of 
7000 V. is supplying bus-bars through a star/star step-up transformer, all the 
star points being earthed. An earth fault oc-(uirs on the red phase on the 
high-voltage side of the transformer. Delermino the current in each phase 
of the generator. The reactance of the alternator to positive, negative, and 
zero sequence currents is 4 12., 3 12., and 1 12. respectively, and the reactance 
of the transformer to positive sequence currents is 3 12. (referred to the low- 
voltage side). 

State briefly what would have been the general offoid on the fault currents 
in the generator if (a) the star point on the low- voltage side of the transformer 
harl not boon earthed, (6) the low-voltage winding of the transformer had been 
connected in delta, the other two star points remaining earthed in each case. 
{L.U.) 

XIX.— TRANSIENTS (CH.APTER XXJJJ) 

1. A condenscir of lU //F. capaciUwico chargt*d to 20.600 \\ is suddenly dis- 
charged through an induct anco of 0-00 1 II. Find the maximum current and 
the frequency of the resultant oscillation. {L.U.) 

2. A condenser, O — 0-1 ^^F., is charged to a voltage V and then cormocted 
in senes with a circuit having L = 0-2 H., /f ~ 40 12. Calculate the frequency 
of the oscillating current. 



